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Abstract 

A  4  meter  aperture  deformable  primary  mirror  is  designed  with  the 
mirror  and  its  supports  Integrated  into  a  single  structure.  The  integrated 
active  mirror's  minimal  weight  makes  it  desirable  for  a  space  telescope 
as  well  as  a  terrestrial  application.  Utilising  displacement  actuators, 
the  active  controls  at  the  mirror's  surface  Include  position  control  and 
slope  control  in  both  the  radial  and  tangential  directions  at  each  of 
the  40  control  points.  Influence  functions  for  each  of  the  controls  are 
nearly  Independent,  reducing  the  complexity  of  the  control  system.  Experl- 
meats  with  breadboard  models  verify  the  structural  concept  and  the  techniques 
used  in  the  finite  element  method  of  computer  structural  analysis.  The 
majority  of  this  paper  is  a  description  of  finite  element  analysis  results. 
Localisation  of  Influence  functions  is  exhaustively  treated.  For  gravity 
loads,  a  thermal  gradient  through  the  mirror  thickness,  and  a  uniform 
thermal  soak,  diffraction  limited  performance  of  the  4m  design  la  evaluated. 
Loads  are  applied  to  defocus  the  mirror  and  to  cause  fourth-order  astigmatism. 
Mirror  scallop,  instigated  by  a  focus  shift,  has  been  virtually  eliminated 
with  the  40-actuator  design.  The  structural  concept  is  so  effective  that  it 
should  be  considered  for  uncontrolled  primary  mirrors  as  well  as  active 
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AMTMCT 

■w 

A  4>Mt«r  tptrton  MombU  frlaity  almr  it  teifMi  with  the 
mirror  aad  itt  Mfpprtt  integrated  into  a  tiagla  ttracfra.  Ha  2  ca 
thick,  solid  ULE  ainor  it  supported  by  a  high  tdalot  gnyhit*  apam y 
trots  ttrueturo.  Tto  iatagratad  active  airxor  tyttaa  ia  wtmsly  light* 
wight,  aakiag  it  dttirabla  for  a  space  fist  coys,  at  noil  at  for  tor* 
rsttrial  spplicatioat.  Utilisiag  displacement  actuators,  tht  active 
controls  at  the  mirror's  surface  iacluda  position  control  tad  slops 
control  in  both  ths  radial  aad  tangent ial  directions  at  each  of  the  40 
^  actuator  points.  Influence  factions  for  each  of  the  controls  are  nearly 

independent,  reducing  the  co^lexity  of  the  control  systen.  Experinsnts 
with  breadboard  node  Is  verify  the  structural  concept  and  the  techniques 
used  in  the  finite  element  method  of  conputer  structural  analysis  for  a 
system  incorporating  a  solid  alrror.  The  mechanical  design  of  the  servo* 
mechanisms  aad  the  flexures  to  connect  the  structural  nadirs  is  provided. 

The  majority  of  this  paper  describes  the  finite  element  sne lysis 
results  for  the  4-n  system  with  the  solid  mirror.  However,  techniques 
for  modeling  a  lightweight  plate  with  a  sandwich  core  are  compared  to 
analytical  results,  end  selected  results  are  included  for  a  lightweight 
minor  system.  Influence  functions  for  various  methods  of  position  and 
slope  control  are  generated  with  a  sinplified  model  to  determine  the 
optimum  methods  of  actuation.  To  evaluate  the  diffraction  limited  per* 
lb  wore  of  the  4-n  desipi  the  complete  model  is  leaded  by  gravity,  a 
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chatts*  1 

INTRODUCTION 

lfeii  HiMTtitiM  discus  ms  tke  coupletion  of  work  accomplished 
owr  ssvsnl  ysus  on  a  concept  for  s  largo  active  priaary  ainor  struc¬ 
ture.  The  aajor  design  innovation  Is  tke  concept  of  integrating  the 
support  structure  and  airror  into  a  tansile-aeabrane  structure  that  in¬ 
corporates  not  only  position  control,  but  also  slope  control  in  two 
principal  directions  at  each  actuator.  The  resulting  structural  design 
is  prianrily  intended  for  a  4>a  aperture  space  telescope,  but  the  saw 
(  concepts  could  be  applied  to  a  ground-based  telescope  if  desired.  Pre¬ 

vious  work  has  been  discussed  in  prior  theses  and  reports  (Koterwas, 
1974}  Mian ,  1977;  Shannon  and  Saith,  1978;  Shannon,  Richard  and  Hanson, 
1990). 

The  basic  concept  involves  supporting  the  airror  with  a  graphite 
epoxy  space  truss  consisting  of  vertical  actuator  posts  and  horizontal 
reference  plate  asnhsrs  interconnected  by  diagonal  stiffeners.  The 
reforonae  plate  is  effectively  stiffened  by  radially  and  tangentially 
aligned  local  trusses  taming  a  HepekeH  configuration.  Originally  the 
an  of  cables  rather  than  reds  for  the  Hagens!  nehbers  was  considered. 
Hanover,  the  advantage  of  net  having  te  pretension  the  cables  is  suffi¬ 
ciently  attractive  that  the  original  csacopt  ana  aodlfled.  The  priaary 
airror  faceplate  is  either  a  staple,  thin  plate  or  an  extranely  thin 


1 


lightweight  (taMeh)  piste  is  either  case  Hie  of  ultralow  expansion 
glees*  The  lightweight  faceplate  nay  he  desirable  uader  conditions  whan 
naxlwun  possible  weight  redaction  is  required,  bat  oaphasis  is  given  to 
the  solid  faceplate.  The  successful  use  of  dissiadiar  nat oriels  in  the 
structure  aeaas  that  iaproveaents  in  nat aria Is  technology,  such  as 
developaent  of  natal  natrix  coaposites,  are  readily  adaptable  to  the 
design. 

Several  different  concepts  have  been  discussed  over  the  years 
regarding  the  nature  of  actuation.  Nomal  position  control  for  the  4-n 
telescope  design  consists  of  pushing  on  a  slider  fixed  to  the  airror  and 
passing  through  the  center  of  a  hollow  actuator  post  and  reacting  against 
the  actuator  post.  Surface  slope  corrections  are  obtained  fron  an  ortho¬ 
gonal  pair  of  actuators  that  press  on  the  center  of  the  post.  These 
forces  react  through  the  reference  plate,  which  is  reasonably  stiff  in 
the  radial  and  tangential  directions.  As  will  be  seen  fron  the  structural 
analyses  as  well  as  in  previous  experinents,  proper  choice  of  the  stiff¬ 
ness  of  the  airror  plate  and  its  support  structure  allows  only  nininal 
nechanical  coupling  for  tilt  and  nomal  position  controls  at  each  actuator 
location.  This  iaplies  that  a  systea  of  linear  sinultaneous  equations 
with  an  alnost  diagonal  coefficient  natrix  will  need  to  be  solved  in 
order  to  relate  the  control  forces  to  the  neasured  airror  surface  errors, 
greatly  siaplifyiag  tbs  control  problea. 

Three  different  finite  elenent  aodels  provided  a  rational  sequence 
of  analysis  of  the  4-n  aperture  integrated  active  airrer  systea.  The 
aodels  consisted  of  a  2-dinsasioual  systea  nodal,  a  3  dinmslenal  nlnev 
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aodel  aad  •  3-diaensioaal  syst—  Mdfl.  The  2-41— iiowl  aodtl  was 
a— 11  — ough  to  provide  interactive  evaluation  of  bitie  co-opt*  —  the 


A  tutorial  review  (Hardy,  1P7S)  s— rises  various  approaches 
aud  devices  for  active  optical  systcas.  The  report  says  that  the  — 
of  coutrol  for  l«pi  pri—ry  eirrors  is  evolving  freai  use  of  positioa 
actuators  (whose  stiffness  is  greater  than  that  of  the  airror  itself) 
idrtch  rogtti&®  a  stable  react ioa  structure  toward  a—  of  force  act— tore 
(whose  stif &.*»>*  is  less  th—  that  of  the  adiror  it— If)  aad  I— dlag 
aoasat  actuators,  which  do  aot  require  e  stable  react 1—  structure. 
AccorUsi  to  Hardy,  in  order  to  operate  a  positioa  actuator  with  a  de¬ 
flection  error  of  about  10%,  the  actuator  aad  reaction  structure  a— t 
be  t—  tiaes  stif  for  th—  th*  airror.  The  integrated  active  airror 
systea  rep— seat*  a  ae—  effective  deployment  of  p— itiea  actuators. 
Re— Its  of  e  2-diasasieaal  study  shew  that  for  a  refs— a  plat*  —  ly 
3.3  ti— s  st  if  for  th—  the  airror,  —  iatogre i tod  pri—ry  airror  has  a 
— eh— leal  coupling  of  she—  4%.  Ms—  importantly,  for  —  integral ted 
active  airror  systea  the  weight  of  th*  reaction  structure  aad  — rve- 
aeehan in  cm  be  reduced  to  a  free t  lea  of  th*  might  of  e  thin  plate 
airror,  while  the  — chsnlcal  coupling  is  kept  mil  below  10%.  The  re¬ 
latively  high  bandwidth  of  th*  integrated  airror  as  csspacld  to  the  low 
bandwidth  (1HZ)  of  a  typical  force  actuator  systea  is  —  inport— t  by¬ 
product  of  positioa  act— ti— . 

A  design  with  struetu— 1  sini  lari ties  to  the  integrated  active 
pri—ry  is  that  of  a  30-n  space  laser  tr— itter  (lerggr—  aad  l— arts. 
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1971) . 


Hut  4nip  utilise*  active  central  of  space  tress  mben  tat 
eeotvol  is  esljr  Meet  to  correct  distortion  in  the  truss  end  net  to 
correct  nlner  figure,  es  with  the  integrated  active  Minor  systea.  The 
J9-m  Minor  is  corrected  with  faceplate  bending  actuators. 

It  is  s  fomidable  task  to  conprehensively  read  this  entire 
dissenetien.  Docunsntstien  is  extensive,  and  nueh  is  intended  to  aid 
sn  analyst  furthering  this  study.  All  of  Chapter  3  and  the  sections 
entitled  "Finite  Eienent  Models"  in  Chapten  4  and  S  fall  into  this 
category.  The  reader  who  wishes  a  preview  should  read  all  of  Chapters 
1,  2,  6  and  7  and  the  introductions  to  the  renaining  chapters. 


CHAPTER  2 


INTEGRATED  ACTIVE  MIRROR  SYSTEMS 

Concept  Definition 

Integrated  active  airror  systems  studied  in  this  effort  differ 
from  other  mirror  systems  in  two  important  respects.  First,  each  mirror 
actuator  controls  the  surface  in  three  ways- -normal  position  and  slope 
about  radial  and  tangential  axes— thereby  reducing  the  number  of  points 
at  which  actuation  must  be  applied  to  the  airror.  Second,  the  airror 
element  forms  part  of  the  structure  instead  of  being  referenced  to  a 
much  stiffer  reference  plate.  Hie  integrated  active  airror  and  support 
have  an  increased  efficiency  since  the  loads  are  carried  in  the  direction 
of  maximum  structural  stiffness,  i.e.  in  tensile-membrane  action.  The 
weight  of  the  system  is  minimized  when  the  membrane  of  the  shell  (the 
active  airror)  becomes  part  of  the  structure. 

The  number  of  actuators  required  for  a  system  is  a  function  of 
several  variables:  the  mirror  stiffness,  the  scale  of  the  residual 
errors,  the  magnitude  of  the  residual  errors,  and  their  form. 

Previous  studies  have  indicated  that  scalloping  of  the  outer 
edge  of  the  airror  is  a  significant  problem.  Scalloping  occurs  when  an 
attempt  is  made  to  defocus  the  mirror.  In  choosing  the  40-actuator  sys¬ 
tem  for  further  study,  the  effects  of  scalloping  have  been  alleviated  by 
closer  placement  of  actuators  at  the  outer  edge. 
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In  order  to  increase  the  st if  these  of  the  support  structure,  the 
truss  end  reference  piste  ere  integrated,  as  illustrated  by  the  truss 
configurations  in  fig.  2.1(e).  Here  the  truss  is  aodified  to  include 
the  additional  horizontal  reference  plate  eleuent. 

Pig.  2.1(b),  a  neridional  section  view  of  the  structure  of  the 
40-actuator  systen,  illustrates  the  eheage  in  actuator  truss  height 
with  radial  position  and  the  syanetry  of  the  truss  about  the  reference 
plate.  The  stiffbess  of  the  reference  structure  is  increased  by  the 
spoke  configuration  created  by  this  radial  alignment.  The  width  of  the 
radial  trusses  is  D/5.  A  top  view  of  the  support  structure  is  shown  in 
Fig.  2.1(c).  Sixteen  tangentially  aligned  trusses  have  been  added  at 
points  where  scalloping  would  have  been  naxinized  in  their  absence.  The 
positions  of  these  actuators  nake  the  width  of  the  edge  actuator  trusses 
approxinately  D/5. 

This  40-actuator  systen  is  identical  to  that  of  the  4-u  disneter 
eirror  systen  analyzed  in  this  report.  Analyses  used  the  MSC/NASTRAN 
and  SAP  IV  finite  elenent  computer  programs.  Experimental  verification 
of  the  integrated  active  mirror  concept  and  the  associated  structural 
analysis  was  nade  using  a  41-actuator  systen  with  a  60-cn  aperture  f/1.5 
active  mirror.  The  mirror  in  the  41-actuator  systen  has  no  central  hole, 
and  the  truss  configuration  is  aodified  by  the  addition  of  a  central 
actuator  with  a  5-dimensional  truss.  These  modifications  are  shown  in 
Fig.  2.1  in  dashed  lines.  The  experimental  verification  is  briefly  dis¬ 
cussed  below. 
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Pig.  2.1.  Truss  configuration  for  40-  and  41 -actuator  systeas. 
Dashed  ambers  only  exist  in  41-actuator  systea. 

(a)  Individual  truss. 

(b)  Section  view  of  truss  configuration  along  meridional 
plane. 

(c)  Top  view. 
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Experimental  Verification  of 
41 -Actuator  System 

A  60-cm  aperture,  f/1.5  active  mirror  was  designed  to  demonstrate 
the  figure  control  efficiency  of  a  41-actuator  support  concept.  This 
system  was  designed  to  show  the  localization  of  both  the  position  and 
slope  controls.  Three  of  the  actuators  were  implemented  with  active 
components,  the  remaining  38  were  preset  mechanically  ±n  each  of  their 
three  degrees  of  freedom.  For  these  three  active  actuators,  each  degree 
of  freedom  is  controlled  independently  by  a  single  servomotor.  Photo¬ 
graphs  of  the  model  are  shown  in  Fig.  2.2. 

Three  views  of  a  NASTRAN  finite  element  model  of  the  41 -actuator 
system  are  shown  in  Fig.  2.3.  The  physical  dimensions,  material  specifi¬ 
cations  and  mechanical  design  of  that  model  are  included  in  Shannon  and 
Smith  (1978).  The  topology  and  loading  of  the  41-actuator  system  mathe¬ 
matical  model  is  similar  to  the  model  to  be  discussed  in  Chapter  4  under 
the  heading  40-Actuator  System  Finite  Element  Model.  The  only  differences 
are:  1)  that  only  the  three  active  actuators  in  the  41 -actuator  system 
have  flexures  in  the  middle  of  their  actuator  posts,  2)  the  inclusion  of 
the  central  actuator  with  a  3-dimensional  truss  and  the  associated  center 
section  of  the  mirror,  and  3)  the  boundary  conditions  are  provided  by  four 
pinned  attachments  to  the  reference  plate  illustrated  in  Fig.  2.3  and 
representing  four  cone-tipped  screws  seated  in  counter  sunk  holes  drilled 
in  the  reference  plate  of  the  experimental  model. 

The  experimental  arrangement  is  shown  schematically  in  Fig.  2.4. 
Interferograms  were  produced  and  compared  with  contour  plots  from  NASTRAN 
finite  element  analyses. 
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Top  view. 

Side  view. 

Orthographic  projection  of  top  view  rotated  -30*  about  x  axis 


Schematic  layout  of  the  holographic  interferometric  teat  of 
60-ca  active  mirror  model. 
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Fig.  2.5(a)  shows  the  effect  of  a  tangential  slope  change  pro¬ 
duced  at  the  0.4  zone  (9.5-cn  radius).  It  bears  a  good  resemblance  to 
the  prediction  of  the  computer  no del  (see  Fig.  2.7b).  Several  fringes 
due  to  overall  curvature  change  can  be  seen.  This  was  caused  by  a 
change  of  one  or  two  degrees  Farenheit  in  the  roon  teaperature  between 
the  tine  the  hologran  was  exposed  and  the  tine  the  interferogran  was 
aade.  Sone  tilt  is  also  noticeable,  as  trail  as  irregularities  due  to 
air  turbulence  and  reactions  between  the  defomed  shell  and  the  fixed, 
passive  actuators. 

The  defornation  produced  by  a  radial  slope  change  also  at  the 
0.4  zone  is  shown  in  Fig.  2.S(b).  The  result  of  a  snail  z-displacenent 
is  shown  in  Fig.  2.6(a),  and  a  large  z-displacenent  is  shown  in  Fig. 
2.6(b).  Again  the  fringe  shapes  are  more  or  less  as  predicted  (conpare 
Figs.  2.7c  and  2.7a).  The  reactions  of  the  passive  actuators  are  clearly 
seen  in  Fig.  2.6(b).  It  should  be  noted  that  the  peak  occurring  at  about 
six  o'clock  at  the  0.4  zone  is  not  an  actuator  reaction,  but  an  artifact 
introduced  by  the  experinenter  while  denonstrating  the  real-tine  nature 
of  the  holographic  interferonetry— finger  pressure  on  the  back  of  the 
shell,  estinated  at  5  to  10  lb,  apparently  produced  a  defornation  in  the 
fora  of  a  dinple.  It  was  subsequently  reaoved  by  asking  a  new  hologran. 

Figures  2.8  and  2.9,  finite  eleaent  generated  contour  plots  for 
actuators  at  the  .8  and  1.0  zones,  denonstrate  locatlization  of  airror 
defamation  for  the  renaining  active  actuators. 


Surface  profiles  along  the  axes  of  synnetry  in  the  direction  of 
the  slope  changes  wore  coaputed  by  hand  for  the  tangential  slope  change 
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(a)  NrbI  oositisa  eoatrol. 
(k)  TwawtUI  slop*  eoatrol 
(c)  Radial  slops  eoatrol. 
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mode  of  Fig.  2.5(a)  and  for  the  radial  slope  change  node  of  Fig.  2.5(b) 
at  the  0.4  zone.  These  profiles  are  plotted  in  Figs.  2.10(a)  and  2.10(b) 
along  with  the  corresponding  computer  predictions.  The  theoretical 
curve  for  Fig.  2.10(a)  is  symmetric  about  the  origin  to  the  accuracy  of 
the  naked  eye.  In  actuality  the  structure  is  not  perfectly  synnetric 
due  to  the  inclusion  of  the  three  active  actuators  with  flexures  in 
their  actuator  posts,  but  this  only  slightly  changes  the  stiffness 
characteristics  of  the  structure.  The  experiaental  curve  for  the  sane 
case  is  definitely  not  symmetric.  Since  the  structure  is  designed  to 
be  synnetric,  except  for  the  sforenenticmed  active  actuators,  either 
1)  the  interferometric  test  data  is  in  error  or,  2)  the  construction  of 
the  physical  nod el  produced  the  discrepancy.  It  is  far  no re  likely  that 
the  latter  is  the  cause.  In  the  interests  of  sinplicity  and  due  to  its 
snail  size,  the  60-ca  model  relied  chiefly  upon  friction  and  close 
mechanical  fits  to  keep  structural  members  connected  and  aligned. 

Slippage  of  two  adjacent  members  probably  accounts  for  the  difference 
between  the  theoretical  and  experimental  curves  in  Fig.  2.10(a).  (It  is 
appropriate  to  note  that  in  solving  this  problem  the  design  of  a  full 
size  40-actuator  system  incorporates  mechanical  flexures  and  bonding  as 
demonstrated  in  Figs.  5. 5-5. 7.)  For  the  same  reasons  that  there  was  not 
exact  correspondence  in  the  tangential  slope  control,  there  is  not  exact 
correspondence  in  the  radial  slope  change  curves  in  Fig.  2.10(b).  In 
any  event  the  remarkable  correspondence  demonstrated  gives  credence  to 
the  finite  element  modeling  techniques  and  to  the  concept  of  an  inte¬ 
grated  active  mirror  system. 
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A  much  pore  detailed  accounting  of  the  mechanical  design  of  the 
demonstration  model ,  holographic  interferometry  of  the  model  and  compari¬ 
son  of  results  with  a  previous  SAP  IV  mathematical  model  that  is  not  as 
accurate  as  the  current  NASTRAN  model  are  included  in  Shannon  and  Smith 
(1978) . 


Mirror  Scallop 

During  the  evolution  of  the  40-  and  41-actuator  systems,  a 
finite  element  study  and  a  test  of  a  physical  model  were  conducted  for 
a  9-actuator  integrated  active  mirror  system  (Koterwas,  1974).  The 
f/l.S  spherical  mirror  for  that  system  had  a  12  in.  diameter,  was  .08 
in.  thick  and  had  no  central  hole.  An  analytical  attempt  was  made  to 
defocus  the  mirror.  Fig.  2.11(a)  shows  a  contour  plot  of  the  intended 
defocus,  and  Figs.  2.11(b)  and  (c)  show  the  mirror  surface  under  active 
control  and  illustrate  scallop.  To  deform  the  model,  the  nine  actuators 
shown  by  dots  were  given  the  same  normal  translations  and  slopes  in  Fig. 
2.11(b)  as  occur  in  Fig.  2.11(a).  The  error  at  the  outer  edge  of  the 
mirror  is  nearly  58%.  Unacceptable  error  occurred  because  for  defocus 
the  mirror  has  to  take  a  nondevelopable  shape,  i.e.  one  in  which  the 
middle  surface  of  the  mirror  is  stretched.  By  increasing  mirror  thick¬ 
ness  to  .8  in.  and  later  using  a  lightweight  mirror,  the  magnitude  of 
defocus  errors  was  reduced  to  15%  and  22%  respectively,  with  scalloping 
being  dramatically  reduced.  The  same  9-actuator  system  worked  much 
better  when  the  active  controls  deformed  the  thin  mirror  into  the  shape 
of  astigmatic  aberration.  In  that  case  the  enforced  shape  is  develop¬ 
able,  i.e.,  the  middle  surface  is  not  stretched  and  there  are  no  membrane 
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forces.  The  maximum  error  for  astigmatism  is  less  than  12%.  In  order 
to  enforce  nondevelopable  shapes  and  to  correct  mirror  distortions  that 
exhibit  significant  outer  edge  wrap,  while  at  the  same  time  minimizing 
mirror  and  system  weight,  more  active  control  points  need  to  be  added  at 
and  near  the  outer  edge  of  the  mirror.  These  control  points  have  been 
incorporated  into  the  40-  and  41-actuator  systems. 

Causes  of  scallop  are  discussed  in  more  detail  in  Chapter  4 
under  the  heading  "Defocus  and  Astigmatism." 
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CHAPTER  3 


PRELIMINARY  STUDIES 

In  retrospect,  the  decision  to  undertake  SAP  IV  analyses  of  a 
2-dimensional  representation  of  the  integrated  active  mirror  system 
proved  to  be  one  of  the  most  significant  factors  leading  to  the  success¬ 
ful  completion  of  analyses  of  a  3-dimensional  system  model.  This  decision 
was  made  when  computer  time  was  not  available  for  the  MSC/NASTRAN  finite 
element  program  used  for  analyses  of  the  3-dimensional  model.  This  delay 
in  availability  of  computer  resources  turned  out  to  be  a  fortuitous 
circumstance.  The  2-dimensional  analyses  were  performed  with  SAP  IV  on 
a  time  sharing  computer  system  at  the  University  of  Arizona.  A  DEC  10 
computer  was  used  to  interactively  build  models,  to  submit  data  for 
execution  in  batch  mode  on  a  CYBER  175,  and  to  examine  results  in  files 
sent  back  to  the  DEC  10.  For  a  small  2-dimensional  model,  the  analysis 
was  truly  an  interactive  process,  and  the  quality  and  quantity  of  the 
results  obtained  exceeded  all  prior  expectations. 

The  webbed  core  of  sandwich  plates  was  represented  in  3-dimension- 
al  finite  element  models  by  an  equivalent  homogeneous  solid  material. 

The  equivalent  shear  modulus  for  the  solid  material  was  derived  and 
tested  on  flat  plate  models. 

Finite  element  modeling  of  flat  plates  representative  of  solid 
and  sandwich  mirrors  was  initiated  using  the  SAP  IV  program  (Bathe, 


Wilson  and  Peterson,  1973)  on  the  University  of  Arisons  CDC  Cyber  175 
computer.  Costs  of  running  SAP  IV  analysis  were  approximately  $125  per 
run.  It  became  clear  at  this  point  that  the  analysis  of  the  40-actuator 
system  would  be  prohibitive  using  SAP  IV.  By  switching  to  the  MSC/ 
NASTRAN  program  (Joseph,  1979)  on  the  Air  Force  Weapon's  Laboratory  CDC 
CybeT  176  computer,  the  cost  of  the  same  flat  plate  model  was  approxi¬ 
mately  10%  of  the  SAP  IV  amount.  Results  for  flat  plate  models  show 
excellent  correlation  with  analytical  results. 

Analysis  of  2-Dimensional  Model  of  an 
Integrated  Active  Mirror  System 

The  2-dimensional  finite  element  models  were  used  to  study 
normal  position  control,  in-plane  slope  control,  structural  member 
connectivity,  and  various  types  of  loads.  The  SAP  IV  program  was  used 
exclusively. 

Finite  Element  Models 

Models  used  in  the  2-dimensional  analysis  are  shown  in  Fig.  3.1. 
They  represent  the  structure  within  a  diametrical  slice  taken  out  of  a 
41-actuator  system,  since  the  40-actuator  system  with  its  annular  mirror 
does  not  have  a  central  actuator.  Nevertheless,  since  the  structure 
must  include  this  central  actuator  to  be  continuous  in  a  2-dimensional 
model,  and  since  the  integrated  active  mirror  system  designed  in  this 
study  has  40  actuators  and  an  annular  mirror,  the  assumption  was  made 
that  the  lessons  learned  from  study  of  the  41-actuator  system  would 
apply  equally  to  the  40-actuator  system. 
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MIRROR  EDGE  NODE 


(b) 


(a)  Model  for  cases  1,  2,  3,  4,  and  7. 

(b)  Model  for  cases,  5,  6,  8,  9,  and  12. 

(c)  Model  foT  cases  10  and  11. 
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In  order  to  reduce  the  size  of  the  mathematical  aodel  so  that  it 
would  be  an  effective  interactive  tool,  the  ends  of  the  airror  between 
the  outside  actuator  posts  and  the  outside  edge  of  the  actual  airror 
were  neglected  (to  see  this  coapare  Fig.  3.1a  with  Fig.  2.1b),  and  no 
nodes  were  included  in  the  airror  sections  between  the  actuator  posts. 
The  ends  of  the  airror  were  eliainated  since  they  were  outside  the 
support  points  and  would  affect  deflections  of  the  reaainder  of  the 
airror  only  for  certain  loads.  The  lack  of  interaediate  airror  nodes 
between  actuator  posts  aakes  snail  reductions  in  accuracy,  due  to  the 
curved  surface  of  the  mirror  being  represented  by  four  flat  segaents. 

In  Fig.  3.1(a)  the  tops  of  the  actuator  posts  attach  directly  to 
the  airror.  At  the  intersections  of  the  actuator  posts  and  the  refer¬ 
ence  plate  there  axe  separate  nodes  for  each  structure.  The  separate 
nodes,  which  actually  coincide,  are  shown  slightly  offset  in  the  figure. 
In  Fig.  3.1(b)  sliders  have  been  added.  The  top  of  a  slider  attaches 
to  the  airror  and  the  bottom  to  an  actuator  post.  Again  the  nodes  have 
been  offset  for  clarity,  whereas  in  actuality  a  slider  aoves  up  and  down 
inside  an  actuator  post  as  seen  in  Fig.  5.5.  In  Fig.  3.1(c)  flexures 
have  been  added  to  the  actuator  posts.  The  tops  of  the  sliders  act  as 
if  they  pass  through  frictionless  sleeves  in  the  tops  of  the  actuator 
posts,  and  the  bottoms  of  the  sliders  are  rigidly  attached  to  the  middle 
of  the  actuator  posts.  The  connectivity  of  degrees  of  freedom  between 
reference  plate  and  actuator  post  nodes  varies,  and  will  be  documented 
for  each  individual  case.  The  translational  degrees  f  freedom  are  x 
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and  z  and  the  rotational  degree  of  freedon,  yy,  ia  a  rotation  about  the 
y  axis  and  is  positive  clockwise. 

The  structural  washers  representing  the  reference  plate,  actuator 
posts,  sliders,  and  mirror  are  beans.  The  tr  •«  diagonals  are  nodeled 
as  SAP  IV  truss  eleaents  unless  noted  otherwise.  Cross-sections  of  these 
structural  nenbers  are  described  in  Fig.  3.2.  For  each  aeaber  except 
the  wirror,  three  different  sets  of  dinensions  are  given,  i.e.,  snail, 
nominal  and  large.  These  different  dinensions  were  needed  for  studies 
to  minimize  the  size  of  the  structural  nenbers.  The  nominal  cross- 
section  dinensions  and  the  naterial  properties  are  the  same  as  those 
called  Property  Set  7  in  a  prior  report  (Shannon,  Richard  and  Hansen, 
1980),  since  the  original  intent  of  the  2-diaensional  analyses  was  to 
optinize  the  structure  designed  in  that  study.  The  mirror  is  node  of 
fused  silica,  and  the  remainder  of  the  structure  is  constructed  out  of  a 
graphite  epoxy  co^wsite. 

Normal  Position  Control 

The  2-diaensional  aodels  were  first  used  to  study  various  foms 
of  normal  position  control,  since  this  is  the  primary  means  of  mirror 
figure  control  with  slope  control  being  secondary.  Seven  of  the  cases 
studied  are  shown  in  Fig.  3.3.  This  figure  shows  the  loads  used  to  model 
the  active  actuator,  describes  the  connectivity  between  actuator  posts 
and  the  reference  plate,  and  gives  results  of  analyses  in  terms  of  a 
ratio  of  the  z  displacements  of  two  mirror  nodes.  (Mi  active  actuator 
in  Fig.  3.3  is  the  second  actuator  from  the  right  in  one  of  the  models 
in  Fig.  3.1.)  A  small  displacement  ratio  is  desirable,  and  it  occurs  if 
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the  difOTMtion  of  tho  mirror  is  localized  to  the  vicinity  of  tho  active 
actuator. 

Cases  to  be  discussed  first  are  those  described  by  Pig.  3.1(a). 
For  Cases  1  and  2  of  Pig.  3.3  the  actuator  posts  pass  through  clearance 
holes  in  the  reference  plate.  In  Case  1  the  actuator  post  is  heated  so 
that  it  expands  and  deflects  the  nirror  upward.  This  type  of  loading 
was  used  by  Radau  (1977),  by  Shannon  and  Snith  (1978)  and  by  Shaaaon, 
Richard  and  Hansen  (1980).  Optimization  curves  were  generated  for  this 
case,  since  it  has  been  the  primary  node  of  nornal  actuation  in  previous 
works,  and  these  curves  will  be  discussed  later.  For  Case  2,  if  both  of 
the  lower  truss  diagonals  are  cooled,  the  nirror  node  again  novas  upward. 
This  type  of  loading  was  used  by  koterwas  (1974).  For  Cases  3  and  4  the 
actuator  post  and  reference  plate  are  rigidly  attached  to  one  another. 
Mien  only  the  top  half  of  the  actuator  post  is  heated  in  Case  3,  the 
reference  plate  is  bent  severely,  and  nirror  deformations  are  not  as 
localized  as  when  the  entire  actuator  post  is  heated  in  Case  4.  In  all 
previous  cases  thermal  loads  have  been  applied  to  the  nodels,  but  these 
loads  nodel  any  type  of  servonechanisn  used  to  change  the  lengths  of  the 
thermally  excited  structural  members.  In  Case  7,  instead  of  using 
thermal  loads,  a  mechanical  device  is  inserted  between  the  nirror  and 
the  top  of  the  actuator  post,  and  this  device  forces  the  two  northers 
apart. 

Next,  sliders  were  added  to  the  nodel  as  shewn  in  Fig.  3.1(h). 

A  servonechanisn  is  inserted  between  the  bottom  of  the  slider  and  the 
actuator  post.  The  only  difference  between  Cases  t  and  8  is  tho 


connectivity  of  the  actuator  posts  with  the  reference  plate.  It  is  bene¬ 
ficial  to  uncouple  these  structures.  For  Case  5  the  actuator  post  and 
reference  plate  are  attached  for  translational  notion  in  the  plane  of 
the  reference  plate,  since  this  is  a  requirement  of  the  usual  method  of 
in-plane  slope  control.  Fig.  3.4(a)  shows  mirror  and  reference  plate 
deflections  for  Case  5.  The  fact  that  mirror  deformations  are  localized 
about  the  active  actuator  and  are  only  3.5%  and  4.0%  of  maximum  at  the 
two  adjacent  inactive  actuators,  demonstrates  the  effectiveness  of  an 
integrated  active  mirror  system.  This  localization  yields  a  minimization 
of  coupling  between  the  active  controls,  making  design  of  a  relatively 
simple  and  effective  control  system  possible. 

Analyses  for  Cases  1  through  7  all  involved  use  of  nominal  struc¬ 
tural  members.  By  re-executing  the  analyses  for  Cases  1  and  5  six  times, 
each  time  substituting  one  structural  member  that  is  either  small  or 
large  as  defined  in  Fig.  3.2,  the  optimization  curves  of  Fig.  3.5  were 

i 

generated.  Six  variations  were  sufficient  for  Case  5,  because  the 
actuator  post  and  slider  combination  was  varied  as  a  unit,  e.g.,  the 
small  post  and  small  slider  were  always  used  together.  Three  curves 
appear  for  each  case:  one  for  the  ratio  of  mirror  center  node  to  mirror 
actuated  mode  displacements,  one  for  the  ratio  of  mirror  edge  node  to 
mirror  actuated  node  displacements,  and  one  for  system  weight.  Each 
curve  was  generated  from  three  data  points.  The  weight  curves  for  Cases 
1  and  5  are  so  similar  that  they  appear  as  one  curve  in  each  of  the 
three  sets  of  curves.  Of  course  the  system  weight  is  most  appreciably 
affected  by  reduction  in  the  cross-sectional  area  of  the  reference  plate 
mamhsrs ,  as  can  be  seen  from  the  lower  set  of  curves. 
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For  Case  1  the  upper  and  lower  sets  of  curves  in  Fig.  3.5  demon- 
strate  that  the  displaceaent  ratio  improves ,  i.e.,  decreases,  when  the 
area  of  the  truss  diagonals  is  reduced  and  when  the  reference  plate  area 
is  increased.  The  truss  diagonals  are  counterproductive  here,  that  is, 
U»e  larger  their  dimensions,  the  greater  is  the  required  force  of 
actuation,  and  this  load  increases  faster  than  the  stiffness.  As  the 
area  of  the  truss  diagonals  becomes  smaller  and  smaller,  the  mirror  and 
reference  plate  begin  to  act  as  two  distinct  structures  separated  by 
actuator  posts,  each  relying  more  and  more  upon  its  individual  bending 
stiffness  to  resist  deflection.  Evidence  that  the  reference  plate  is 
bending  is  the  severely  nonlinear  increase  in  deflection  brought  about 
by  decrease  in  reference  plate  area.  Since  the  goal  of  the  integrated 
active  structure  is  to  minimize  weight  and  maximize  stiffness  by 
carrying  loads  in  membrane  action.  Case  1  is  rejected  from  further  study. 

Behavior  of  Case  5  is  far  superior  to  that  of  Case  1.  The  Case 
5  curves  in  Fig.  3.5  that  are  most  insensitive  to  reduction  in  area  are 
those  considering  the  reference  plate  area.  Since  the  reference  plate 
members  are  the  largest,  it  is  implied  that  membrane  action  is  predomi¬ 
nant.  It  was  not  determined  how  much  smaller  the  reference  plate  could 
be  made  without  adverse  effects,  but  if  the  membrane  stiffness  of  the 
mirror  and  reference  plate  are  made  equal,  the  reference  plate  are.  can 
be  found  from 

.  (AE)»irror 
*Ref  plate  ERef  pUt# 


(3.1) 
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Fig.  3.4(b)  shows  mirror  and  reference  plate  deflections  for  a  small 
reference  plate  with  other  members  having  nominal  dimensions.  The  mirror 
curve  is  nearly  indistinguishable  from  the  curve  for  the  nominal  refer¬ 
ence  plate,  however  the  reference  plate  deformation  shows  that  localized 
bending  is  increasing.  , 

Two  simple  explanations  of  why  Case  5  is  superior  to  Case  1  are: 

(1)  that  the  reaction  force  pushing  against  the  support  structure  is 
input  directly  into  the  reference  plate  in  Case  5  and  only  indirectly  in 
Case  1  and  these  reaction  forces  resist  reference  plate  deformation  and 

(2)  that  for  Case  S  the  actuation  forces  are  only  2\  of  those  needed  in 
Case  1  to  produce  equal  mirror  displacements,  resulting  in  less  reference 
plate  distortion. 

As  a  result  of  this  study,  the  structure  for  the  3-dimensional 
model  will  include  sliders  and  the  reference  plate  will  be  attached  to 
the  actuator  posts  via  annular  flexures  shown  in  Fig,  5.5.  These  flex¬ 
ures  allow  rotation  and  vertical  translation  of  the  actuator  post  with 
respect  to  the  reference  plate. 

Slope  Control 

In-p)ane  slope  control  can  be  effectively  studied  with  the  2- 
dimensional  model,  but  out-of-plane  slope  control  cannot.  Four  cases  of 
in-plane  slope  control  are  shown  in  Fig.  3.6.  All  of  these  cases  include 
sliders,  since  normal  position  control  was  most  effective  with  sliders. 
Displacement  ratios  in  the  figure  are  given  each  time  for  nominal  struc¬ 
tural  members,  and  if  ratios  are  available  for  structures  with  a  small 
reference  plate,  they  are  presented  in  parentheses. 
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Fig.  3.6.  Models  for  study  of  in-plane  slope  control. 
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For  available  data  the  displacement  ratio  increased  by  about  S.% 
when  the  reference  plate  was  changed  from  nominal  to  small  dimensions, 
even  though  the  bending  stiffness  of  the  small  reference  plate  is  only 
17.%  of  that  of  the  nominal  plate.  This  reinforces  the  fact  that  for  an 
integrated  active  mirror  system  the  most  important  load  carrying  mecha¬ 
nism  is  membrane  action  rather  than  bending.  The  shapes  of  the  plots  of 
mirror  and  reference  plate  displacement  were  virtually  unaffected  by  the 
switch  in  reference  plates. 

The  plots  of  mirror  displacement  were  more  difficult  to  obtain 
for  slope  control  than  for  normal  control.  For  normal  position  control 
the  maximum  mirror  displacement  occurs  at  the  actuated  node,  but  for 
slope  control  the  maximum  occurs  somewhere  in  the  two  beams  adjacent  to 
the  actuated  node.  To  find  the  maximum  displacements  and  other  inter¬ 
mediate  displacements  for  curve  sketching  an  auxiliary  computer  program 
was  written.  The  program  transformed  the  displacements  of  two  nodes  of 
a  beam  representing  a  mirror  segment  from  global  to  local  coordinates, 
used  these  local  coordinates  to  evaluate  the  beam  shape  function  (Cook 
1974,  p.  70),  and  then  found  the  intermediate  displacements  from  the 
shape  function. 

In  Cases  8,  9,  and  10  a  servomechanism  is  inserted  between  the 
actuator  post  and  the  reference  plate.  These  cases  differ  only  in  their 
treatment  of  the  actuator  post.  In  Case  8  the  actuator  post  is  a  continu¬ 
ous,  hollow  tube  from  top  to  bottom.  This  type  of  modeling  was  used  by 
Radau  (1977),  by  Shannon  and  Smith  (1978)  and  by  Shsnnon,  Richard  and 
Hansen  (1980).  Since  relatively  large  forces  are  needed  to  bend  the 
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actuator  post  in  order  to  cause  tilt  at  the  mirror  surface,  this  case 
has  an  unacceptable  displacement  ratio  of  20%.  In  order  to  decrease  the 
force  of  actuation,  a  pin  joint  is  added  to  the  actuator  post  at  node 
(a)  for  Case  9  in  Fig.  3.6,  and  the  displacement  ratio  is  significantly 
reduced.  For  the  pinned  post,  actuation  forces  are  one-third  of  the 
forces  needed  with  a  continuous  post  for  equal  mirror  rotations,  re¬ 
sulting  in  less  reference  plate  distortion  and  thereby  a  smaller  dis¬ 
placement  ratio.  In  an  optical  structure  where  extremely  small 
displacements  and  rotations  are  critical,  the  play  in  a  traditional  pin 
joint  cannot  be  tolerated.  Therefore  it  is  effective  to  physically 
replace  the  pin  with  a  blade  flexure  aligned  to  have  little  stiffness 
resisting  in-plane  rotations  of  the  two  sections  of  the  actuator  post, 
but  with  substantial  stiffness  resisting  out-of -plane  rotations.  In 
Case  10  the  flexure  is  modeled  as  a  beam  located  between  nodes  (a)  and 
(c)  in  Fig.  3.6,  and  the  displacement  ratio  is  only  3.8%  larger  than  for 
Case  9  with  the  "ideal  pin"  joint.  The  increase  is  due  to  the  fact  that 
the  flexure  resists  in-plane  rotation  a  small  amount,  whereas  the 
frictionless  pin  joint  has  zero  resistance  to  rotation.  Fig.  3.7(a) 
presents  curves  of  deflections  for  Case  9.  The  shapes  of  the  curves  for 
Cases  8  and  10  are  nearly  identical  to  that  for  Case  9.  Of  course  angles 
in  the  plot  are  greatly  exaggerated.  The  slope  of  the  mirror  at  the 
actuated  node  is  actually  only  3.7  yrad. 

Cases  11  and  12  present  two  entirely  different  methods  of  inducing 
in-plane  slope  control.  In  Case  12  the  lower  right  hand  truss  diagonal 
in  Fig.  3.6  is  cooled  while  the  lower  left  hand  truss  diagonal  is  heated. 
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thereby  shifting  the  lower  end  of  the  actuator  post  to  the  right.  The 
actuator  post  has  no  pin  or  flexure,  and  it  forces  the  mirror  to  rotate. 
The  deflection  ratio  for  this  case  is  much  less  than  those  cases  pre¬ 
viously  discussed.  A  disadvantage  of  this  method  is  that  it  would  be 
paired  with  the  Case  2  method  of  normal  position  control  which  was  shown 
to  be  only  mediocre  in  performance.  Since  normal  position  control  is 
of  primary  importance,  the  method  in  Case  12  was  not  implemented  in  3- 
dimensional  studies  here,  however  this  method  was  studied  by  Koterwas 
(1974). 

Case  11  represents  a  new  approach  to  in-plane  slope  control.  It 
employs  a  flexured  actuator  post  loaded  by  a  servomechanism  offset  from 
the  axis  of  the  post  so  that  both  forces  and  couples  are  applied.  The 
couples  rotate  the  post  and  mirror.  The  displacement  ratio  here  is  the 
lowest  reported.  The  deflections  are  plotted  in  Fig.  3.7(b).  To  ex¬ 
plain  the  improved  performance,  consider  the  forces  acting  at  the  ends 
of  the  reference  plate  in  Fig.  3.6.  The  upper  half  of  the  actuator  post 
rotates  counterclockwise  a  smaller  angle  than  the  lower  half  of  the  post 
rotates  clockwise,  since  the  upper  half  is  resisted  by  the  mirror.  Thus 
the  resultant  force  of  the  left  node  of  the  reference  plate  is  up  while 
the  resultant  force  at  the  right  end  is  down.  The  torque  from  this 
effect  is  clockwise,  reducing  the  overall  counterclockwise  rotation  of 
this  section  of  the  reference  plate  and  forcing  the  mirror  deflection  to 
be  more  localized.  This  same  clockwise  torque  on  the  reference  plate 
occurs  in  Case  12.  For  Case  11,  if  the  actuator  post  and  reference  plate 
are  attached  in  the  x  degree  of  freedom,  the  deflection  ratio  increases 
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significantly  to  29.%.  If  a  servomechanism  could  bo  dovisod  to  apply  a 
torque  to  the  actuator  post  and  react  the  torque  directly  into  the 
reference  plate,  while  at  the  sane  tine  not  constraining  horizontal 
translation  of  the  actuator  post,  the  displacement  ratio  could  probably 
be  reduced  to  less  than  one  third  that  of  Case  11. 

Case  9  was  utilized  for  in-plane  slope  control  in  the  3- 
dinensional  model  in  this  study.  Future  studies  should  definitely  ex¬ 
ploit  Case  11. 

Structural  Member  Connectivity 

The  2-dimensional  model  was  next  used  to  study  variations  in  the 
connectivity  of  different  structural  members.  It  has  already  been  shown 
that  foT  in-plane  slope  control,  modeling  a  blade  flexure  as  a  pin 
changed  the  deflection  ratio  for  the  mirror  center  by  only  3.8%.  It  was 
necessary  to  see  what  effect  the  flexible  joint  would  have  on  normal 
position  control  of  Case  5.  The  model  with  the  small  reference  plate 
was  re-executed  with  blade  flexures  in  the  middle  of  the  actuator  posts. 
The  new  curves  so  closely  resembled  the  displacement  curves  for  the  post 
without  a  flexure  as  shown  in  Fig.  3.4(b),  that  they  were  indistinguish¬ 
able  from  one  another.  Subsequently,  the  flexural  joints  in  the  3- 
dimensional  system  were  modeled  as  pins,  thereby  significantly  reducing 
the  size  and  coaplexity  of  that  model. 

Table  3.1  gives  the  displacement  ratio  at  the  mirror  center  for 
six  variations  of  Case  5,  all  utilizing  a  small  reference  plate.  Number 
1  is  the  same  as  Case  S  with  a  small  reference  plate.  Variation  2  shows 


Tabla  3.1.  Variations  of  Casa  5  noraal  position  control  sodel 
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what  happened  when  the  blade  flexures  were  added  to  the  actuator  posts, 
as  discussed  in  the  previous  paragraph.  Variations  3  and  4  are  concerned 
with  changes  in  the  connections  between  the  actuator  post  and  the  slider. 
For  variation  3  the  tops  of  the  sliders  and  actuator  posts  are  dis¬ 
connected,  so  the  sliders  pass  through  clearance  holes  in  the  actuator 
posts  rather  than  through  frictionless  sleeves.  The  separation  caused 
the  eirror  to  decouple  fron  the  support  structure.  Making  results 
totally  unsatisfactory.  For  4  the  botton  of  the  slider  was  disconnected 
in  all  degrees  of  freedon  except  z  translation.  In  variations  S  and  6 
the  truss  diagonals  were  changed  from  truss  to  bean  elenents,  i.e.,  they 
were  able  to  resist  bending,  and  the  actuator  post  and  slider  connections 
were  varied.  Variations  4  through  6  are  all  satisfactory. 

The  changes  in  variation  nunber  6  of  the  nornal  position  control 
Model  were  Made  to  the  slope  control  model.  Previous  results  in  Fig. 

3.6  showed  that  for  a  flexiued  actuator  post  and  a  small  reference  plate 
that  the  displacement  ratio  was  14.2%.  With  the  additional  changes 
noted  in  variation  nunber  6,  the  results  were  identical  to  three  signi¬ 
ficant  figures,  i.e.,  the  displacenent  ratio  was  still  14.2%. 

Conclusions  drawn  from  these  variations  affect  both  the  nechani- 
‘  cal  design  of  the  structure  and  the  resulting  3-dinensional  analysis. 

They  inply  that:  (1)  the  connection  between  the  top  of  an  actuator  post 
and  a  slider  is  critical  and  will  be  Maintained  in  the  Mechanical  design 
by  the  twin  blade  annular  flexure  illustrated  in  Fig.  5.5,  (2)  the 
connection  between  the  Middle  of  the  actuator  post  and  the  slider  is  not 
critical  except,  of  course,  for  vertical  translation  so  no  flexure  will 
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be  uMd  here  end,  (3)  it  is  not  iaporteat  whether  or  set  the  trues 
diagonals  can  resist  bending.  The  last  lessen  Anther  supports  the 
contention  that  for  the  integrated  mirror  system  the  predominant  lend 
carrying  aechanisn  is  nenbrane  action  and  not  bending. 

Loads 

The  last  function  for  the  2-dinensional  nodal  was  to  study  the 
effects  of  various  loads,  including  an  axial  thermal  gradient,  gravity 
loads  and  loads  to  enforce  a  prescribed  displacement  of  the  nirror 
surface.  These  analyses  used  models  with  snail  reference  plates  and 
with  actuator  post  flexures. 

The  1*  C  axial  thermal  gradient  was  applied  to  the  nirror  only. 
The  temperature  of  the  support  structure  remained  at  ambient,  and  the 
highest  temperature  was  on  the  front  face  of  the  nirror.  The  deflec¬ 
tions  of  the  nirror  and  reference  plate  are  shown  in  Fig.  3.8(a).  The 
peak-peak  deflection  of  the  nirror  is  .011X.  This  is  5.8%  of  the  de¬ 
flection  that  the  same  nirror  would  experience  if  it  were  not  part  of 
an  integrated  nirror  system,  but  were  instead  nounted  as  a  siaply 
supported  bean.  The  stresses  and  deflections  from  this  model  served  as 
estimates  for  the  3-dimensional  model.  The  maximum  reference  plate 
bending  stress  is  only  38.%  of  the  maximum  reference  plate  axial  stress, 
even  though  the  thernal  gradient  is  input  to  the  mirror  as  bending 
moments  and  not  nenbrane  forces. 

Gravity  loads  were  introduced  both  perpendicular  to  and  parallel 
to  the  reference  plate.  Again  calculated  stresses  and  displacements 
served  as  estimates  for  3-dimensional  analyses.  Deflection  curves  for 


Axial  tharaal  gradient  across  airror. 
Gravity  load  parallel  to  rafaronca  plata. 


the  case  where  the  gravity  load  is  applied  parallel  to  the  reference 
plate  are  presented  in  Fig.  3.8(b).  The  peak-peak  mirror  deflection  is 
4.6X.  More  important  is  the  fact  that  the  shape  is  very  close  to  a 
parabola,  so  that  the  deviation  from  the  best  fit  sphere  is  very  snail. 
This  observation  led  to  the  consideration  of  nounting  the  integrated 
actuator  system  with  flexures  attached  to  the  reference  plate,  as  shown 
in  Fig.  S.3,  rather  than  with  a  3  point  kinenatic  support. 

The  methods  of  loading  for  normal  position  control  in  Case  S  of 
Fig.  3.3  and  for  in-plane  slope  control  in  Case  9  of  Fig.  3.6  cannot  be 
used  directly  to  simultaneously  prescribe  translation  and  rotation  of 
the  mirror  surface.  In  Case  S  the  slider  is  disconnected  from  the  post 
of  the  active  actuator  so  that  forces  can  be  applied  to  the  members, 
and  in  Case  9  the  actuator  post  and  reference  plate  are  disconnected  at 
the  active  control.  The  stiffness  matrices  for  the  two  cases  are  not 
the  same.  By  leaving  the  members  connected  and  applying  thermal  loads 
instead  of  concentrated  forces,  the  stiffness  matrices  are  identical. 
For  normal  position  control  the  thermal  load  is  applied  to  the  slider 
and  the  actuator  force  is  the  slider's  axial  load.  For  in-plane  slope 
control  a  thermal  load  is  applied  to  heat  the  element  of  the  reference 
plate  on  one  side  of  the  actuator  post  while  simultaneously  cooling  the 
element  on  the  opposite  side  of  the  post,  and  the  actuator  force  is  the 
difference  of  the  axial  forces  in  the  two  reference  plate  elements. 
These  two  pairs  of  equivalent  methods  of  actuation  yield  identical  re¬ 
sults  except  for  the  displacements  of  the  point  of  application  of  the 
concentrated  forces. 
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Using  the  thermally  loaded  nodel  it  is  possible  to  solve  for  the 
influence  coefficient  matrix  [F],  where  in  the  matrix  equation 

(x)  ■  lF]{f}  (3.2) 

x^  is  the  i**1  displacement  of  the  mirror  surface, 
either  a  translation  or  a  rotation 

f,  is  the  j**1  temperature,  either  of  a  slider  or  of 
J  a  pair  of  reference  plate  elements 

and 

is  the  i**1  displacement  due  to  a  unit  j**1  temperature. 

To  solve  for  the  thermal  loads  to  enforce  a  prescribed  displacement, 
siaply  evaluate 

(f)  -  [F)'1{*}  .  (3.3) 

This  technique  was  tested  on  the  2-dimensional  model  and  later'applied  to 
the  3-dimensional  model. 

Shear  Modulus  of  Sandwich  Core 

The  sandwich  core  of  a  lightweighted  mirror  is  made  of  a  series 
of  webs  joined  in  a  repeating  pattern.  A  mirror  model  with  quadrilateral 
finite  elements  for  the  web  structure  would  have  too  many  degrees  of 
freedom  to  incorporate  into  a  nodel  of  the  entire  integrated  active 
mirror  system.  For  the  flat  plate  models  to  be  introduced  in  the  next 
section,  if  a  cell  is  4  cm  across,  each  finite  element  would  contain 
five  cells  in  the  radial  direction.  This  is  a  sufficient  number  to 
assume  that  the  core  acts  as  a  continuum  and  to  distribute  the  stiffness 

v  , 
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of  the  webbed  cells  within  solid  bricks,  each  characterized  by  an  equi¬ 
valent  shear  aodulus,  G  ,  and  an  equivalent  aass  density,  p  .  The 
purpose  of  this  section  is  to  evaluate  these  properties.  The  technique 
used  was  presented  by  Soosaar,  Grin  and  Ayer  (1975),  and  presented  here 
to  correct  errors  in  that  report  (shear  nodulus  would  be  off  by  a  factor 
of  two  if  those  results  are  used  directly)  and  to  develop  relations 
aaong  shear  strains.  These  relations  are  based  on  the  assumptions  that 
the  core  carries  no  normal  stress,  so  that  transverse  shear  strains  are 
constant  across  the  core's  depth,  that  transverse  shear  strains  are  not 
a  function  of  x  and  y  within  each  brick,  and  the  in-plane  shear  strains 
are  negligible. 

Fig.  3.9  shows  a  side  view  of  a  sandwich  plate  illustrating  core 
depth,  h,  and  web  thickness,  t,  and  presents  top  views  of  square,  tri¬ 
angular  and  hexagonal  webbed  cores.  The  smallest  repeating  unit  in  each 
case  is  enclosed  within  a  dashed  square.  Tht  strain  energy  within  the 
repeating  unit  for  the  lightweight  core  is: 


U  =  l  hi  Y,2  Gdv. 
i«l  *  1  1 


(3.4) 


where  n  ■  4  for  square  core 

n  •  3  for  triangular  and  hexagonal  cores 


The  strain  energy  for  the  equivalent  solid  core  is: 

U  »  h  I  (Y2  ♦  y2  )  G  dv  . 

a  ]  ”xz  'y*  • 


(5.3) 
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The  equivalent  shear  modulus  is  found  by  equating  the  strain  energy  from 
the  webbed  core  to  that  of  the  equivalent  solid  core.  Before  doing  this, 
the  shear  strains  within  the  webs,  y^,  must  be  put  in  terms  of  the  shear 
strains  of  the  repeating  unit,  y^z  and  y  .  This  is  trivial  only  for 
the  square  core.  For  the  triangular  and  hexagonal  cores,  shear  strains 
are  represented  as  vectors  in  Fig.  3.9.  This  is  allowable  since  infini¬ 
tesimal  rotations  are  vector  quantities.  The  total  shear  strain  vector 
for  the  repeating  unit  is: 


y  =  -y  .  +  Y 

yzi  xzj 


(3.6) 


The  web  shear  strain  y^  is  the  magnitude  of  the  component  of  in  the 


direction  of  y^  i.e., 

A 

Yi=Y  ‘  I7.| 


(3.7) 


From  equating  the  masses  of  the  webs  within  the  repeating  unit  to  that 

of  an  equivalent  solid  core,  a  relation  between  the  mass  densities  p  and 

p  is  found, 
e 

Table  3.2  lists  results  for  the  three  cores.  Also  included  in 
the  table  is  the  quantity,  p,  called  pitch.  If  p  is  substituted  into 
the  expressions  for  Gg  and  pg,  for  all  three  cores  these  equations  take 
the  form: 


SI 


m 


Table  3.2.  Mechanical  properties  of  three  sandwich  cores. 
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Flat  Plates 

Richard  and  Malvick  (1973)  have  shown  that  the  structural  action 
of  a  lightweight  mirror  can  be  accurately  represented  by  membrane  ele¬ 
ments.  In  their  work  membrane  elements  were  used  for  the  webbed  core 
and  the  faceplates.  The  improvement  in  the  overall  mirror  deflection 
from  replacing  these  membrane  elements  by  bending  elements  is  negligible. 
They  also  found  that  results  are  not  affected  by  cell  size,  as  long  as 
the  size  is  kept  sufficiently  small.  This  indicates  that  a  sandwich 
core  modeled  by  homogeneous  solid  elements  would  work  equally  well  for 
predicting  overall  deflections. 

SAP  IV  Flat  Plate  Analysis 

Using  the  SAP  IV  program,  a  segment  of  sandwich  material  was 
modeled  using  membrane  elements  as  top  and  bottom  faces  and  a  solid  ele¬ 
ment  for  the  core,  as  shown  in  Fig.  3.10.  Incompatible  displacement 
modes  improve  the  bending  properties  of  Type  3  quadrilaterial  elements 
for  bending  in  the  plane  of  the  element,  i.e.,  for  bending  moment  vec¬ 
tors  with  directions  perpendicular  to  the  elements.  Since  the  loading 
of  the  sandwich  beam  and  mirror  models  will  not  cause  this  in-plane 
bending,  incompatible  displacement  modes  are  not  used  for  the  quadri¬ 
laterals.  Type  5  solid  elements  also  utilize  incompatible  displacement 
modes.  Without  these  modes  the  element  would  be  overly  stiff  in  bending, 
since  the  basic  element  does  not  adequately  represent  the  shear  strain 
of  bending.  Type  8  solid  elements  do  not  utilize  incompatible  displace¬ 


ment  modes. 
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Faces  -  Type  3  quadrilateral  elements 


Core  -  Either  Type  5  or  Type  8  solid 
element  (For  type  8  element 
make  use  of  8  out  of  a  maximum 
of  21  nodes  available  for  this 
isoparametric  element) 


Fig.  3.10.  Sandwich  model. 


Two  finite  models  of  a  homogeneous,  annular  flat  plate  were 
analyzed  and  compared  with  theoretical  calculations.  The  finite  ele¬ 
ment  models  are  shown  in  Fig.  3.11.  The  only  difference  between  the  two 
models  is  the  type  of  solid  elements,  either  Type  5  or  Type  8.  The  geo¬ 
metry  and  material  properties  of  the  two  models  are  identical.  In  order 
to  easily  compare  results  with  an  analytical  solution,  (1)  the  plates 
are  flat,  not  spherical,  as  in  the  actual  mirror  and  (2)  the  plates  are 
homogeneous,  not  honeycomb,  so  material  properties  for  the  membrane  and 
solid  elements  are  identical.  In  the  analyses  the  models  were  simply 
supported  along  the  outer  edge.  Two  distinct  loads  were  applied  to 
each  model.  These  loads  and  the  support  conditions  are  shown  in  Fig. 
3.12.  Theoretical  results  were  calculated  using  equations  presented  by 
Timoshenko  and  Woinowsky-Krieger  (1959,  pp.  59-61).  A  comparison  of 
results  is  given  in  Table  3.3. 


i 

%  * 


SAP  IV  flat  plate  aodel. 

Model  specifications:  576  Nodes, 
512  Type  3  aeabrane  eleaents,  and 
256  Type  5  or  Type  8  solid  eleaents 


Table  3.3.  Results  of  SAP  IV  flat  plate  analysis. 


Analysis 

Load 

Max  Deflection 
w(r»b) 

%  Error 

SAP  IV  -  Type  S  elements 

q 

1.21  x  10'1 

4 

SAP  IV  -  Type  5  elements 

Qo 

1.26  x  10"6 

3 

SAP  IV  -  Type  8  elements 

q 

2.05  x  10‘2 

84 

SAP  IV  -  Type  8  elements 

Qo 

2.26  x  10'7 

83 

Plate  Theory  (Timoshenko) 

q 

1.26  x  10*1 

-- 

Plate  Theory  (Timoshenko) 

Qo 

1.30  x  10‘6 

-  “ 

The  performance  of  Type  5  elements  is  far  superior  to  that  of 
Type  8  elements.  Inaccuracies  for  Type  5  elements  due  to  utilizing  in¬ 
compatible  nodes  for  elements  that  are  not  rectangular  parallelepipeds 
are  trivial  as  compared  to  inaccuracies  for  Type  8  elements  which  do  not 
use  incoaq>atible  modes. 

The  honeycomb,  spherical  mirror  model  was  generated  by  making 
minor  modifications  to  the  model  of  the  homogeneous,  annular  flat  plate 
with  Type  5  solid  elements.  These  modifications  consisted  of  modifying 
the  node  coordinates  perpendicular  to  the  plate  to  achieve  a  spherical 
shape,  and  reducing  the  moduli  of  elasticity  and  rigidity  of  the  core  to 
5%  of  that  of  solid  material.  Results  from  an  analysis  of  the  spherical 
mirror  model  are  shown  in  Fig.  4.10. 

MSC/NASTRAN  Flat  Plate  Analysis 

The  MSC/NASTRAN  finite  element  computer  program  is  superior  to 


the  SAP  program  for  out  particular  application,  since  HAST RAN  has 
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nonhomogeneous  plate  elements  that  can  be  used  to  model  a  sandwich  plate. 
For  a  segment  of  a  sandwich  plate,  one  NASTRAN  plate  eleaent  models  the 
two  faces  and  the  core,  whereas  three  elements  were  needed  with  SAP. 

A  NASTRAN  aodel  of  the  sane  hoaogeneous,  annular  flat  plate  used 
in  the  previously  described  SAP  IV  analysis  was  generated  with  CQUAD4 
plate  eleaents.  This  aodel  is  shown  in  Fig.  3.13(a).  The  aodel  was 
analyzed  under  gravity  loading  and  the  results  were  coapared  to  plate 
theory.  For  the  NASTRAN  aodel  the  deflection  was  1.24x10”*,  giving  an 
error  of  1.6%.  The  SAP  IV  analysis  has  a  4%  error.  A  contour  plot  of 
deflection  noraal  to  the  plate  is  shown  in  Fig.  3.13(b). 

Later  the  aaterial  properties  of  the  annular  flat  plate  were 
changed  to  coincide  with  those  of  two  mirrors  used  in  the  40-actuator 
system.  For  the  lightweight  plate,  Plantema's  (1966)  theory,  accounting 
for  both  bending  and  shear  deformation,  was  used  to  calculate  theoreti¬ 
cal  results.  For  the  solid  plate,  deflection  to  three  significant 
figures  was  unaffected  by  the  inclusion  of  shear  deformation.  Results 
are  presented  in  Table  3.4. 

In  addition  to  mesh  coarseness,  three  factors  that  affect  the 
accuracy  of  the  model  are  the  element's  aspect  ratio,  skew  and  warp. 

The  largest  aspect  ratio  for  the  CQUAD4  elements  is  2.  It  occurs  for 
the  elements  on  the  outer  edge  of  the  annular  plate.  MacNeal  (1978)  has 
reported  test  results  claiming  that  single  element  torsional  deflections 
are  correct  to  within  1.5%  for  aspect  ratios  up  to  20  and  that  bending  - 
torsion  displacements  are  accurate  to  l.%  for  aspect  ratios  up  to  11. 

The  skew  angle  for  all  elements  in  the  model  is  about  11%.  Schaeffer 
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Table  3.4.*  Results  of  NAS TRAN  flat  plate  analysis. 


Flat  Plate 

Load 

Max  Deflection 
From  NASTRAN 

Nex  Deflection 

From  Plate  Theory 

%  Error 

Solid 

q 

1.73 

1.76 

1.7 

Solid 

Qo 

1.12 

1.14 

1.8 

Lightweight 

q 

.479 

.488 

1.8 

Lightweight 

Qo 

1.93 

1.96 

1.5 

(1979)  claims  that  good  results  are  obtained  for  skew  angles  up  to  45* 
for  the  CQUA04  element.  Element  warping  is  negligible. 

MCS/NASTRAN  has  another  feature,  cyclic  symmetry  analysis,  that 
is  not  available  with  SAP  IV  and  that  may  be  applied  in  future  work.  In 
cyclic  symmetry,  or  rotational  symmetry,  one  segment  of  a  model  is 
supplied  by  the  user  and  the  program  transforms  the  properties  of  that 
segment  to  assimilate  a  model  in  which  the  fundamental  segment  is  re¬ 
peated  at  equal  intervals  about  an  axis  of  symmetry.  Loads  in  the  analy¬ 
sis  can  be  applied  over  the  entire  model  and  do  not  have  to  be 
symmetrically  located  with  respect  to  the  axis  of  symmetry.  Advantages 
to  using  this  technique  include  only  having  to  model  one  segment  of  a 
cyclic  symmetric  structure  and  reduction  in  computer  costs  in  most  situa¬ 
tions.  A  disadvantage  is  that  NASTRAN  provides  only  a  contour  plot  of 
the  ndamental  segment.  In  addition,  both  the  structure  and  its  bounda¬ 
ry  conditions  must  be  symmetric  in  order  to  use  cyclic  symmetry,  so  at 
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best,  •  structure  Mounted  on  ft  threft-point  support  c«n  be  reduced  to  one 
thiTd  of  the  model. 

Testing  on  the  fist  piste  no  dels  has  shown  cyclic  s yaw  try  to 
not  be  economically  feasible  when  total  progran  costs  are  considered. 
However,  the  cyclic  symmetry  capability  in  NASTRAN  is  being  updated,  and 
as  models  become  more  complex  it  may  be  desirable,  if  not  essential,  to 
make  use  of  this  capability. 

Contour  Plot  Interpretation 

All  of  the  contour  plots  in  this  report  are  for  the  z-displaceaent 
of  the  surface  of  the  mirror.  Each  plot  has  ten  displacement  contours. 

To  calculate  the  value  of  displacement  for  a  particular  contour  line, 
refer  to  the  maximum  and  minimum  values  on  each  figure.  The  maximum 
value  occurs  at  contour  line  10  and  the  minimum  at  contour  1.  The  con¬ 
tour  intervals  are  constant  and  are  one-ninth  of  the  total  difference 
between  the  extreme  values.  Displacement  units  are  centimeters. 

The  shape  of  the  deflection  surface  is  the  critical  information 
gleaned  from  the  contour  plots.  For  linear  analysis  the  displacement 
coordinates  for  the  surface  are  proportional  to  the  magnitude  of  the 
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CHAPTER  4 


40- ACTUATOR  MIRROR 

Analysis  of  the  nirror  aids  both  the  design  of  the  mirror  and 
its  support  structure.  Even  though  the  support  structure  is  not  in¬ 
cluded  in  the  finite  eleaent  model  of  the  mirror,  a  "perfectly  rigid" 
support  is  simulated  by  constraining  to  zero  all  uncontrolled  degrees 
of  freedom  of  actuator  attachment  grid  points  on  the  mirror.  The 
"perfectly  rigid"  support  is  used  to  study  localization  of  airror  de¬ 
formation  due  to  normal  position  control  and  slope  controls  and  to 
study  deformation  due  to  gravity.  Results  of  analyzing  individual  con¬ 
trols,  either  normal  position  or  slope  of  a  single  actuator,  then  serve 
as  a  guide  in  designing  the  support  structure,  which  is  presented  in  the 
next  chapter.  The  gravity  analysis  is  important,  since  most  of  the 
inter-actuator  sag  due  to  gravity  release  cannot  be  removed  by  active 
actuators,  either  by  using  normal  position  control  alone  or  in  union 
with  slope  controls. 

The  finite  element  mirror  model  is  also  used  to  investigate 
scalloping  around  the  outer  and  inner  edges  of  the  mirror  due  to  de¬ 
focus,  and  to  enforce  an  astigmatic  aberration.  Both  defocus  and  astig¬ 
matism  are  investigated  because  the  former  results  in  a  nondevelopable 
shape  whereas  the  latter  results  in  a  developable  shape.  A  developable 
shape  requires  no  stretching  of  the  middle  surface,  and  is  much  easier 
to  achieve  with  active  controls  than  a  nondevelopable  shape. 
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Intra-cell  deflections  of  a  lightweight  mirror  due  to  both 
gravity  and  lap  loads  are  calculated  using  plate  theory,  since  the 
finite  element  model  does  not  include  that  level  of  detail.  These  de¬ 
flections  influence  the  choice  of  physical  dimensions  of  the  individual 
structural  elements  of  a  lightweight  mirror,  e.g.,  cell  wall  thickness, 
cell  spacing,  etc. 

The  FRINGE  computer  program  is  used  to  reduce  the  mirror  surface 
deflection  from  a  finite  element  analysis  into  a  "bottom  line"  rms  value 
and  span  of  the  residual  wavefront. 

Finite  Element  Models 

The  mirror  for  the  40-actuator  system  has  the  following  physical 
dimensions: 

Diameter  (Aperture)  4  m 

f/no .  1.5 

Radius  of  Curvature  12  m 

Central  Hole  Diameter  80  cm  or  20%  of  aperture 

The  geometry  of  the  mirror  models  differs  from  the  flat,  annular  plate 
models  only  in  the  z  coordinates  of  the  nodes.  The  NASTRAN  model  is 
shown  in  Fig.  4.1.  The  locations  on  the  mirror  where  actuators  would 
attach  are  designated  on  the  top  view.  The  numbers  of  elements  and 
grid  points,  or  nodes,  are  given  on  the  flat  plate  models  shown  in  Figs. 
3.11  (SAP  IV  model)  and  3.13  (NASTRAN  model). 

The  mirror  is  a  doubly  curved  surface,  and  bending  and  in-plane 
forces  will  not  result  in  independent  deformations.  It  is  modeled  by 
flat  plate  elements  for  which  bending  and  membrane  stiffness  are 
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uncoupled.  Zienkiewicz  (1977,  p.  344)  demonstrates  that  for  a  model 
composed  of  triangular  and  quadrilateral  flat  plate  elements,  behavior 
converges  to  that  of  the  actual  shell  as  mesh  size  decreases. 

Normal  Position  and  Slope  Controls 
Actuators  are  located  on  three  different  radii  in  the  40-actuator 
system.  Each  actuator  has  normal  position  control  and  tangential  and 
radial  slope  control.  This  makes  nine  unique  controls  which  must  be 
analyzed.  For  each  control  all  actuator  degrees  of  freedom  are  fixed 
except  for  the  degree  of  freedom  being  given  a  unit  displacement.  Con¬ 
tour  plots  of  the  minor's  z  displacement  for  each  of  the  nine  unique 
•  ¥ 

controls  were  generated  for  each  of  three  mirror  designs.  Mirror  cross 
section  dimensions  and  material  properties  are  given  in  Fig.  5.2.  Con¬ 
tour  plots  for  the  solid  mirror  and  thin  lightweight  mirror  are  shown  in 
Figs.  4. 2-4. 7.  Contour  plots  for  the  thick  lightweight  mirror  are 
similar  to  plots  for  the  thin  lightweight  mirror  except  for  the  radial 
slope  control  of  the  80-cm  actuator,  which  is  more  localized  for  the 
thick  mirror.  Contour  plots  for  the  thick  lightweight  mirror  were  pub¬ 
lished  by  Shannon,  Richard  and  Hansen  (1980,  pp.  25-27)  and  are  not 
repeated  here.  It  is  interesting  that  the  three  sets  of  contour  plots 
are  so  similar,  even  though  the  structures  of  the  three  mirrors  are  so 
different . 

Notice  how  the  deformations  are  localized  to  the  immediate  vicini¬ 
ty  of  the  displaced  actuator.  If  one  were  to  mark  the  actuator  locations 
on  the  contour  plots,  one  would  see  that  for  all  but  one  plot  all  contour 
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Fig.  4.4.  Solid  mirror  model,  200-cm  actuators. 


(a)  Normal  position  control. 

(b)  Tangential  slope  control. 

(c)  Radial  slope  control. 
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Fig.  4.6.  Thin  lightweight  mirror  model,  160-cm  actuators. 

(a)  Normal  position  control. 

(b)  Tangential  slope  control. 

(c)  Radial  slope  control. 
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Fig.  4.7.  Thin  lightweight  mirror  model,  200-cm  actuators. 


(a)  Normal  position  control. 

(b)  Tangential  slope  control. 

(c)  Radial  slope  control. 
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lines  drawn  are  contained  within  the  region  bounded  by  the  actuators 
neighboring  the  displaced  actuator.  For  that  plot,  which  is  radial 
slope  control  of  the  80-cm  actuator  for  the  thin  lightweight  mirror,  the 
deviate  contour  line  represents  a  magnitude  of  only  1.3%  of  the  maximum 
vertical  displacement.  The  localized  behavior  reduces  coupling  between 
actuator  controls  and  significantly  reduces  the  complexity  of  the  re¬ 
quired  control  system.  These  contour  plots  will  later  be  compared  to 
those  from  analyses  of  40-actuator  systems  where  support  structures  have 
finite  stiffness. 


Defocus  and  Astigmatism 

Scalloping,  which  was  demonstrated  early  in  our  active  optics 
studies,  is  a  result  of  attempts  to  make  slight  changes  in  a  mirror's 
radius  of  curvature.  When  a  focus  change  was  made  to  a  9-actuator  sys¬ 
tem,  significant  scalloping  occurred  as  seen  in  Fig.  2.11.  A  pure  radius 
change  of  the  shell  of  the  mirror  would  require  a  state  of  stress  that 
had  for  its  boundary  conditions  a  uniform  radial  membrane  stress  due  to 
a  uniform  pressure  applied  to  the  surface  of  the  shell.  Bending  and 
shear  stresses  along  the  boundary  would  not  exist.  In  attempting  to 
produce  this  change  through  the  bending  of  the  shell  by  a  discrete 
number  of  actuator  points,  deflections  that  are  functions  of  angular 
position  are  obtained.  Since  the  membrane  stiffness  (the  stiffness 
associated  with  middle  surface  stretching)  for  the  mirror  is  several 
orders  of  magnitude  larger  than  the  bending  stiffness  (the  stiffness 
associated  with  the  formation  of  a  developable  shape),  and  these  are 
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coupled  in  shell  action,  the  membrane  stiffness  effect  dominates,  forcing 
considerable  bending  to  occur  in  order  to  accommodate  the  enforced  dis¬ 
placements  at  the  actuator  points.  Since,  for  a  homogeneous  plate,  the 
membrane  stiffness  varies  with  the  thickness,  t,  and  the  bending  stiff¬ 
ness  with  t"*,  it  is  apparent  that  by  increasing  the  mirror  thickness, 
the  scalloping  effect  may  be  reduced.  An  alternative  to  a  thicker  solid 
mirror  is  a  mirror  with  sandwich  construction  and  a  lightweight  core. 

Scalloping  ensues  when  the  mirror  is  defocused.  The  deflection 

* 

surface  is  an  elliptic  paraboloid.  The  equation  for  the  paraboloid  used 
for  the  z  deflection,  w,  and  a  cross-sectional  view  of  the  resulting 
deflection  pattern  are  shown  in  Fig.  4.8.  Of  course,  since  the  analysis 
is  linear,  any  convenient  magnitude  of  displacement  could  have  been 
chosen.  The  value  of  C  was  chosen  so  that  the  deflection  would  be  in 
units  of  A,  where  both  here  and  throughout  this  report  A  •  6328  X. 
Vertical  displacements  and  slopes  were  computed  for  each  actuator  loca¬ 
tion.  Two  separate  analyses  were  executed,  and  they  can  best  be  illus¬ 
trated  with  the  aid  of  degrees  of  freedom  defined  for  the  cylindrical 
coordinate  system  shown  in  Fig.  4.9.  For  actuator  normal  position  con¬ 
trol  at  each  actuator,  degree  of  freedom  T3  was  enforced,  while  the 
other  five  freedoms  were  left  free.  For  actuator  normal  position  and 
slope  controls  at  each  actuator,  degrees  of  freedom  T3,  R1  and  R2  were 
enforced,  while  the  other  three  degrees  of  freedom  were  left  free. 

Results  are  shown  with  contour  plots.  Figs.  4.10-4.12  and  in 
deflections  of  radial  cross  sections  of  the  mirror,  Figs.  4.13-4.15. 
Deviation  from  the  ideal  surface  as  a  function  of  angle  can  best  be 
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Fig.  4.8.  Cross  section  of  ideal  defocus. 
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Fig.  4.9.  Cylindrical  coordinate  system. 


Solid  mirror  model,  cross  sections  for  defocus. 
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portrayed  with  contour  plots.  Contour  plots  should  consist  of  «  series 
of  concentric  circles  spaced  closer  together  as  radius  increases.  The 
relative  aaounts  of  circle  flattening  show  that  the  thick  lightweight 
nirror  can  be  defocused  wore  accurately  than  the  solid  mirror  or  the 
thin  lightweight  nirror.  The  deviation  from  the  ideal  surface  as  a 
function  of  radius  is  best  illustrated  by  radial  cross  section  define- 
tions.  The  thick  lightweight  nirror  does  quite  well  at  both  the  inner 
and  outer  edge.  The  other  mirrors  do  well  only  at  the  outer  edge,  due 
to  deployment  of  two  outer  rings  of  actuators.  At  the  unsupported  inner 
edge,  severe  scallop  and  edge  wrap  exist,  especially  for  the  solid 
nirror.  Severe  outer  edge  scallop  exhibited  by  the  9-actuator  system 
has  been  eliminated.  Results  for  a  sinilar  SAP  IV  analysis  are  included 
on  Fig.  4.10  for  the  thick  lightweight  nirror.  For  the  SAP  analysis  the 
nirror  was  node led  with  separate  elements  for  the  two  face  sheets  and 
the  core,  as  described  for  the  SAP  flat  plate  nodel.  The  correlation 
between  SAP  and  NASTRAN  results  is  excellent.  For  all  minors  the  de¬ 
focus  from  displacement  and  slope  control  is  nearly  identical  to  that 
from  only  displacement  control.  No  advantage  is  demonstrated  here  by 
adding  slope  control. 

Nirror  deflections  were,  input  to  the  FRINGE  computer  program  to 
determine  the  me  value  and  span  of  the  residual  wavefront  after  defocus 
was  removed.  These  data,  along  with  am  error  ratio,  are  presented  in 
Table  4.1  and  further  substantiate  the  superiority  of  the.  thick  light- 
weight  mirror  when  shifting  focus. 

Next,  the  mirror  nodal  was  tested  to  see  haw  wall  the  actuators 
could  position  the  mirror  surface  into  the  shape  of  an  utigatk  if 


■esidual  wavefront  variations  for  defocus  and  astignatisa  of  three  nirzor  aodels 
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airror.  Plots  for  the  other  airrors  ora  aot  iaelaiai,  slaaa  thaaa  am 
so  siailor  to  the  given  contour  plots  that  ilffsrsacas  am  aaiataetolla 
with  tha  naked  aye*  The  data  was  auaarically  reduced  hp  FRIMI  into  ns 
values,  spans  and  error  ratios  appearing  in  Table  4.1.  Error  ratios  am 
less  than  1%  for  each  of  the  three  airrors.  The  solid  airror  has  the 
largest  error  ratio  for  astignetisa,  although  it  is  still  quite  adequate, 
This  sane  airror  had  the  lowest  error  ratio  for  defocus,  since  it  has 
the  largest  ratio  of  aeehrsM  to  heading  stiffness.  As  for  defocue,  the 
addition  of  slope  controls  to  aomal  position  control  has  a  negligible 
effect. 

gravity  aai  Lea  loads 

gravity  leads  cause  three  different  types  of  airror  deflect  lea. 
Tha  first  is  evar-all  airror  deflection.  To  analyse  this,  gravity  is 
applied  to  the  entire  40-actuator  systoa  fiaite  eloaoat  nodal,  aa  will 
ha  reported  ia  tha  amt  chapter.  A  second  type  of  dofloctioa  la  tha 
sag  botwoea  actwatore,  tevaod  tho  iator-actaator  doflectim.  Of 
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Intra-call  deflection  actually  coaes  froa  two  sources,  gravity 


and  lap  loada.  bar  a  square  call  pattern  tka  deflection  agnation  of  a 
square  flat  plate  claaped  on  all  edges  is  froa  Tiaoakanbo  aad  Woinovsky- 
Krieger  (1959):  w  •  .00125  q  a4/0.  A  square  plate  4  ca  across  wt 
loaded  by  a  1  |  load  noraal  to  the  plate  aad  by  a  1  psi  lap  load.  The 
assuaption  is  aade  that  the  lap  tool  ia  perfectly  flexible.  Intra-cell 
deflections  are  listed  in  Pig.  4.17(a).  Deflections  froa  gravity  are 


negligible.  Those  due  to  the  lap  load  are  too  large  and 


have  to 


be  reduced,  either  by  using  a  thicker  faceplate,  by  decreasing  the  cell 
d invasion  or  by  altering  the  lap  load.  With  a  4  ca  square  Mil  aad  a 
101  deaae  core,  the  vebe  are  oaly  0.2  ca  tkick,  which  ia  already  a  aaagi 
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A  NASTRAN  mlysii  mi  run  for  tlio  solid  nirror  only.  To  predict  deflec- 
tions  for  the  two  lightweight  mirrors,  three  80- ca  diaaeter  circular 
flat  plates  siaply  supported  along  the  outer  edge  are  loaded  by  gravity. 
Again,  the  deflection  equation 

diflVfy  *1?“  (41) 

is  fro*  Tiaoshenko  and  Noinowsky-  Krieger  (19S9).  The  plate  diaension 
was  chosen  to  coincide  with  that  of  the  unsupported  section  of  the  Birror. 
Fig.  4.17(a)  lists  the  inter-actuator  sag  between  the  two  inner  rings  of 
actuators  as  21A  for  the  NASTRAN  analysis.  For  the  solid  circular  flat 
plate  the  result  is  26  ca.  The  constant  in  the  deflection  equation  was 
scaled  to  change  this  to  21X  and  the  saae  scaling  factor  was  used  for 
the  lightweight  plates.  The  saae  deflection  equation  can  be  scaled  to 
predict  the  deflection  at  the  inner  edge  of  the  lightweight  airrors. 

It  is  not  necessary  to  change  the  radius  or  the  constant  due  to  the 
boundary  conditions,  since  these  changes  would  be  eliainated  when  the 
analytical  solution  is  scaled  by  the  NASTRAN  result.  The  inter-actuator 
sags  are  too  large  to  be  ignored,  especially  for  the  solid  mirror,  and 
they  are  a  controlling  factor  in  the  design,  testing  and  operation  of  an 
active  priaary  mirror. 

FRINGE  Data  Reduction 

FRINGE  (Looais,  1976)  is  a  computer  pragma  for  the  aaalysis  of 
iaterfemsetrlc  test  data.  It  is  used  hem  to  subtract  a  reference  sur¬ 
face  froa  airror  deflections  ead  to  calculate  the  rest  aeea  square  value 
aad  span  of  the  residuals.  A  percentage  error  mtio  between  Inactive 


u 
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and  active  airrors  is  based  on  these  values.  The  reference  surface  nay 
include  tilt,  focus  and/or  astignatisn. 

Three  different  residuals  are  found  by  FRINGE.  The  first  re¬ 
sidual  is  obtained  by  subtracting  the  reference  surface  fron  each  of  the 
nirror  displacements  at  288  grid  points  on  the  mirror ■  The  second  re¬ 
sidual  is  obtained  by  subtracting  the  reference  surface  fron  the  Zemike 
polynomial  approximation  to  the  data  calculated  over  a  mesh  of  uniformly 
spaced  points.  The  third  is  fron  subtracting  the  reference  fron  a  mesh 
of  uniformly  spaced  data  points  calculated  by  linear  interpolation  of 
the  displacement  of  288  grid  points.  The  second  and  third  residuals  are 
better  than  the  first,  since  they  in  effect  weight  the  grid  point  dis¬ 
placements  based  on  surface  area.  The  preference  between  the  second  and 
third  residuals  depends  upon  the  accuracy  of  the  Zernike  polynomial  fit. 
Data  are  provided  to  show  that  the  fit  is  poor.  Thus  the  rms  value  using 
the  residual  based  upon  linear  interpolation  of  the  displacements  was 
used  to  generate  values  appearing  throughout  this  report. 

Tabulated  data  in  Fig.  4.18(a)  demonstrate  the  decrease  in  xns 
deviation  between  polynomials  with  Increasing  numbers  of  terms  and  the 
displacements  at  the  288  grid  points.  Displacements  are  fron  four  dif¬ 
ferent  loads  applied  to  the  40-actuator  system  and  will  be  discussed 
further  in  the  next  chapter.  If  the  polynomials  fit  the  data  perfectly, 
the  rms  deviation  would  be  zero.  Even  for  the  complete  36  tern  Zernike 
polynomial,  rms  values  are  typically  not  reduced  an  order  of  magnitude 
from  thet  of  the  raw  data  (number  of  terns  •  0).  For  the  worst  case  the 


value  for  the  complete  polynomial  is  79%  of  the  ms  of  the  raw  data. 
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Fig.  4. IS.  Friaga  data  to  support  choice  of  residual  for  toe  calculations 

(a)  Mm  deviation  between  polynomial  and  grid  point  displace- 
neats  ia  wavelengths- -"Hone"  and  "Normal"  refer  to  ao 
correction  and  normal  position  control,  respectively. 

(b)  Contour  plot  of  36  torn  Zeraike  polynomial. 

(c)  Contour  plot  of  linear  interpolation  of  grid  point  die- 
placements. 
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Figs.  4.18(b)  and  (c)  are  two  contour  plots  for  the  mirror  loaded  by  a 
Is  C  axial  thermal  gradient,  corrected  by  normal  position  control  and 
with  no  reference  surface  removed.  These  plots  were  generated  by  FRINGE 
and  should  be  compared  to  the  NASTRAN  generated  plot  in  Fig.  5.28(b). 

The  plot  from  linear  interpolation  of  nodal  point  displacement  gives  a 
better  representation  of  the  NASTRAN  plot  than  the  36  term  Zemike  poly¬ 
nomial  plot.  Part  of  the  problem  with  the  36  term  polynomial  is  that 
the  highest  order  angular  terms  involve  sin  and  cos  of  56,  while  there 
are  16  actuators  in  each  of  the  two  outer  actuator  rings. 

Heat  Transfer 

Heat  transfer  analyses  were  performed  to  estimate  temperatures 

across  the  mirror  cross  section.  It  was  assumed  that  the  axisymmetric 

axis  of  symmetry  of  the  mirror  was  pointing  toward  the  sun,  so  that  the 

support  structure  was  hidden  in  the  shadow  of  the  mirror.  This  would 

be  a  "worst  case"  of  radiation  input. 

A  one- dimensional  steady  state  heat  conduction  analysis  was 

performed,  since  it  was  assumed  that  thermal  gradients  from  this  type 

of  analysis  would  be  an  upper  bound.  Using  a  heat  transfer  rate  per 

2 

unit  area  of  q/A  *  1  kW/m  for  sunlight  and  assuming  a  5%  mirror  coating 

2 

absorptivity,  the  rate  through  the  mirror  becomes  q/A  *  50  W/m  . 
Temperatures  from  that  analysis  are  shown  in  Fig.  4.19. 

The  temperature  gradient  across  the  core  is  the  same  for  both 
sandwich  mirrors.  The  temperatures  for  the  solid  mirror  were  input  to 
a  NASTRAN  structural  analysis  of  the  40-actuator  system.  Since  both 
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Fig.  4.19.  Approximate  thermal  models. 

(a)  Thin  lightweight  mirror. 

(b)  Thick  lightweight  mirror. 

(c)  Solid  mirror. 
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the  heat  transfer  and  structural  analyses  are  linear,  a  change  in  the 
value  of  the  heat  transfer  rate  can  be  accoaaodated  by  scaling  of  the 
results  of  the  structural  analysis. 


CHAPTER  S 


40-ACTUATOR  SYSTEM 

The  description  of  the  finite  element  aodel  for  the  complete 
40-actuator  system  includes  tables  of  material  properties,  structural 
cross  sections  and  mass  summaries.  The  2  cm  thick  ULE  solid  mirror  is 
given  priority  in  analyses  over  lightweight  mirrors  of  sandwich  con¬ 
struction.  Ultra  high  Todulus  graphite  epoxy  is  used  for  the  support 
structure.  A  three  point  kinematic  mount  is  most  frequently  employed, 
but  benefits  of  a  flexural  mount  are  also  explored.  The  mechanical 
design  utilizes  flexures  for  positive,  frictionless  connections  and 
electric  servomotors.  Actuation  forces  in  the  model  are  introduced  by 
temperature  changes  to  structural  elements. 

Results  from  individual  normal  position  and  slope  controls  are 
extremely  encouraging.  A  system  with  a  small  reference  plate  weighing 
only  35%  of  the  solid  mirror  has  less  than  4.5%  cross  coupling  between 
normal  position  controls.  Apparently  the  optimization  curves  developed 
for  the  2-dimensional  system  model  are  applicable  to  the  3-dimensional 
model. 

For  all  remaining  analyses  the  determination  of  actuator  forces, 
which  would  be  accomplished  by  an  on  board  computer  in  the  operational 
system,  is  performed  a  priori  by  yet  another  complicated  series  of  analy¬ 
ses.  The  control  system  makes  optical  displacement  measurements  of  both 
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position  and  slope  at  actuator  attachment  points  on  the  mirror  surface 
and  controls  actuator  forces  to  set  the  actuator  displacements  to  a  pre¬ 
determined  magnitude.  For  gravity  and  thermal  loads  the  magnitude  is 
zero. 

Analyses  to  evaluate  the  design  of  the  40-actuator  system  involve 
the  following  mechanical  loads:  (1)  gravity  loads  to  determine  deflec¬ 
tion  due  to  a  1  g  release  in  the  space  environment,  (2)  a  thermal  gradi¬ 
ent  through  the  mirror  thickness  to  simulate  sunlight,  (3)  a  uniform 
thermal  soak  of  the  entire  system  to  simulate  a  change  in  temperature  in 
the  spacebome  telescope  from  that  of  final  figuring  and  testing,  (4) 
loads  to  defocus  the  mirror  to  investigate  scalloping,  and  (S)  loads  to 
deform  the  mirror  into  the  shape  of  fourth-order  astigmatism.  For  these 
analyses  the  solid  mirror  with  a  small  reference  plate  were  used  most 
often.  Analyses  were  performed  twice,  once  for  normal  position  control 
and  once  for  both  normal  position  and  slope  controls,  so  that  the  added 
complexity  and  expense  of  slope  controls  could  be  weighed  versus  in¬ 
creased  performance.  Hie  FRINGE  computer  program  removed  tilt  and  de¬ 
focus  from  deflections,  so  rms  values  correspond  to  the  variation  from 
the  best  fit  sphere.  Tilt  and  defocus  were  not  removed  from  contour 
plots.  In  many  instances  two  rms  values  were  calculated  for  the  same 
mirror  deflection.  Since  there  are  no  actuators  at  the  edge  of  the  hole 
in  the  mirror,  deflections  along  this  edge  are  predominant  and  are  re¬ 
duced  by  masking.  One  rms  value  is  based  upon  the  deformation  of  the 
entire  mirror,  while  a  second  rms  is  for  the  section  of  the  mirror  within 
the  inner  ring  of  actuators  masked  off,  reducing  surface  area  12.4%. 
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For  tKo  solid  nirror  it  is  impossible  to  defbcus  with  accuracy, 
but  astignatisn  can  be  very  accurately  enforced,  especially  when  in¬ 
cluding  slope  control.  All  previous  arguments  about  ease  of  enforcement 
of  developable  vs  nondevelopable  shapes  apply  once  again. 

Gravity  caused  defomations  are  so  great  for  the  system  with  a 
solid  nirror,  a  snail  reference  plate  and  a  kinematic  nount,  that  even 
if  the  nirror  were  stood  on  edge  the  residual  after  control  is  1  X  xms. 
This  nirror  nay  need  sone  neans  of  support  for  ground  testing.  A 
flexural  nount  around  the  entire  periphery  of  the  reference  plate  alle¬ 
viates  gravity  deformations  and  leaves  then  susceptible  to  control 
especially  when  the  nirror  is  stood  on  edge. 

For  the  solid  nirror  system  deflections  due  to  exposure  to  sun- 

t 

light  and  fron  a  uniform  thermal  soak  of  the  entire  systea  are  very  well 
behaved,  because  of  the  efficiency  of  the  integrated  structure.  Actua¬ 
tion  admirably  corrects  the  latter  load,  but  is  incapable  of  handling 
the  former. 

Stresses  throughout  the  systea  have  adequate  safety  margins  for 
all  loads,  including  the  10  g  launch  load.  Buckling  is  not  a  probleu 
either. 

Actuator  strength  and  stroke  and  actuation  sensitivity  (based  on 
mirror  deflection)  aid  in  the  choice  of  the  servomotor. 

Finite  Elomsnt  Models 

The  finite  element  model  of  an  active  mirror  system  with  40 
actuators  and  a  4-meter  diameter  prinary  nirror  was  generated  using  the 
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Graphics-Orient ad  Interactive  Plait*  Bl*u*at  Ti—  Marin  8ytt«  (G1PTV) 
on  aa  Eclips*  aiaicoaputer  at  th*  University  of  Arlzoaa.  GIFTS  (Knwl, 
NcCab*  tad  data,  1979)  is  aa  affective  preprocessor  for  K&STRAN.  Th* 
aatira  aod*l  was  gsaerafd,  plot tad,  and  chackad  for  accuracy  as lag 
GIFTS  ia  a  fractioa  of  th*  tin*  of  conventional  act  hods.  Aa  interface 
prograa  was  written  to  convert  th*  output  data  froa  GIFTS  into  Input 
data  for  MASTRAN.  Structural  analyses  war*  than  parfsraad  oa  th*  a*A»l 
using  th*  MSC/KASTRAN  coaputer  prograa  oa  th*  AFVL  CyWr  171  e*aput*r  at 
Kirtlaad  APB,  Naw  Mexico.  Th*  saa*  Eclips*  aialco^uter  used  to  gsasrat* 
th*  nodal  was  configured  to  euulate  a  Control  Data  200  User's  Taraiaal 
that  was  connected  by  telephone  to  th*  AFVL  counter. 


Specifications 

Three  views  of  the  aathaaatical  aodal  are  shown  ia  Fig.  S.l.  Th* 
nodal  is  coaposad  of  th*  following: 


Mirror 

Reference  Flat* 
Actuator  Posts 
Sliders 
Truss  Msabsri 
Duaay  Rods 
Batir*  Model 


2S6  plat*  *l*a*nts  (CQUAD4) 
104  bean  *l*asats  (CBAR) 

SO  bean  *l*aants 

100  beaa  *l«asats 
40  tad  *l*a*ats 
ISO  grid  points 


After  constraints  are  applied,  th*  solution  involves  2,642  ■lawlteuoei 
aquations.  B*ans  Meant  for  shear  deforuatloa  by  incorporation  of  a 
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(•)  Top  viw. 

(b)  Sido  vIm. 

(c)  Orthographic  projection  of  top  view  rotated 


M§.  1.2.  Miner  cross  section  MmmMm  mi  letter  than  desired,  feet 
eeee  cheeee  ee  feeiaf  rapeesomtatlve  of  the  alei—  feasible  Her  •  4-e 
41  wot  or  Miner,  la  s  few  situations  the  releee  ere  different  free 
these  is  Fig.  S.2.  This  eccers  hr  reselts  extracted  from  e  prior  work. 
Ooeerats  is  the  test  sill  identify  these  si test lees. 

The  graphite  epoxy  set  oriel  systen  cheeee  we  eltn  high  sodnlee 
GY- 70/ X- 50  rather  thee  e  high  strength  systen.  The  sysnetric  leyop 
[0/45/0/13S/0]  we  chosen  over  e  pseudo  isotropic  layup  [0/45/M/ 155]. 

For  the  sywmtrlc  layup  E  is  72%  higher,  while  a  for  the  pseudoisotropic 
layup  ie  about  the  sane  as  for  ULE.  The  higher  stiffness  has  priority 
over  the  ultra  low  t hemal  expansion.  Couposite  properties  are  fron 
two  reports  (Holms  and  Haskins,  1979;  Armstrong  and  Ellison,  1979). 

Table  S.l  suunerites  the  ness  of  three  different  versions  of 
the  40- actuator  systou.  Servomechanism  wight  is  2  lb  at  each  of  40 
locations,  and  is  based  upon  the  wight  of  the  servomechanism  in  the 
41 -actuator  physical  nodal.  The  mss  of  the  intelligence  of  the  control 
systen  has  not  been  included. 

Mounts 

For  most  analyses,  and  unless  specified  otherwise,  the  40- 
actuator  systen  is  aowtod  by  a  three  point  kinematic  newt  lag  systou 
at  the  reference  plate.  Figure  S.l(a)  identifies  the  six  degrws  of 
freedom  on  the  periphery  of  the  reference  plate  that  are  constrained  to 
sere  notion.  Displacements  ux,  uy,  and  uf  are  displacements  in  the  x, 
y,  and  s  directions,  while  u^  is  the  displacement  in  a  showed  direction. 
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Pig.  5.2.  Croat  tactless  tod  aatarlal  propartiat  for  <0- actuator  tysto 

(a)  Croat  tact loot. 

(b)  Croat  tactloa  dlatotioat. 

(c)  Notorial  proa  art  lot. 


TAli  S.l.  Nus  senary  tor  tkroo  mslou  of  40*aetwt«r  systoa. 
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aoml  to  the  lino  connecting  two  of  the  support  points.  With  this 
boll,  voo,  sad  flat  arrangement  tho  toloseopo  tabs  can  distort  duo  to 
thoxaal  loading  without  any  rastraiat  froa  tho  supports. 

Print  through  of  the  throe  point  support,  exhibited  at  the 
airror's  surface,  dictated  consideration  of  the  flexural  taunt  in  Pig. 
S.S.  This  figure  also  presents  an  unobstructed  view  of  the  reference 
plate.  Using  thin  flexures,  the  reference  plate  can  grow  radially  with 
inconsequential  reactions  froa  the  flexures.  The  design  criteria  for 
siting  the  flexures  is  to  uncouple  the  mirror  from  dynamic  disturbances 
in  the  telescope  by  making  the  natural  frequencies  of  the  mount  exceed 
30  Hz  (ITEK,  1970,  pp.  5-22).  To  model  the  flexures,  16  bar  elements 
and  16  grid  points  were  added  to  the  model.  Bar  el  aments  were  used 
instead  of  plates  to  account  for  the  individuality  of  the  flexures. 

Mechanical  Design  of  Controls 

A  sectional  view  of  the  model  cut  by  the  plane  with  y  ■  0  is 
shown  in  Fig.  5.4(a).  In  two  regions  the  individual  grid  points  are 
shown  slightly  offset  for  clarity,  but  the  coordinates  of  these  grids 
coincide  in  the  finite  element  model.  The  three  active  controls,  normal 
position  control  and  in-plane  and  out-of-plane  slope  controls,  will  be 
discussed  one  at  a  tine  with  the  aid  of  mechanical  drawings  of  actuator 
post  flexures  and  of  the  servomechanisms .  Special  attention  will  he 
given  to  actuation  loads  and  connections  between  structures  for  both 
the  mechanical  design  and  the  finite  element  model. 

The  model  for  normal  position  control  is  Pig.  5.4(b).  Figure 


5.5  shows  that  the  slider  physical  1/  moves  up  and  down  inside  the  tabular 
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Pig.  S.4.  Normal  position  control  sad  slop*  control  Models. 

(s)  Section  view  of  finite  element  model  along  x-axis. 
(D)  Normal  position  control  and  in-plane  slope  control 

(c)  Dummy  rod  locations  on  finite  element  model. 

(d)  Ottt-of-plsne  slope  control. 


Actuator  post  flexures. 

(a)  Top  of  actuator  post. 

(b)  Twin  blade  annular  flexure 

(c)  Middle  of  actuator  post. 

(d)  Annular  flexure. 

(e)  Blade  flexure. 
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actuator  post.  Chapter  3  analysis  of  a  2-dimensional  model  of  an  inte¬ 
grated  active  mirror  system  concluded  that  nodes  a  and  b,  at  the  top  of 
the  actuator  post  and  slider,  should  be  rigidly  attached  except  for 
vertical  motion.  This  motion  coincides  with  degree  of  freedom  (d.o.f.) 

T3  of  the  cylindrical  coordinate  system  in  Fig.  4.9.  To  provide  the 
necessary  restraint,  a  twin  blade  annular  flexure  connects  the  top  of 
the  slider  to  the  post.  In  the  finite  element  model,  NASTRAN  zero 
length  rigid  bars  conveniently  generate  multipoint  constraint  (MPC) 
equations  that  equate  displacements  of  nodes  a  and  b  for  d.o.f.'s  Tl, 

T2,  Rl,  R2,  and  R3.  Effectively,  the  spring  stiffness  for  five  relative 
motions  are  infinite,  and  stiffness  for  the  sixth  motion  is  zero.  All 
flexure  connections  will  be  modeled  this  way,  by  either  rigid  or  per¬ 
fectly  flexible  connections.  Justification  of  this  simplification  is 
also  in  Chapter  3.  Mating  of  the  bottom  of  the  slider  to  the  actuator 
post  was  shown  with  the  2-dimensional  model  in  Chapter  3  to  be  critical 
only  for  vertical  motion.  Figure  5.6  depicts  an  eccentric  arm  on  the 
output  shaft  of  the  normal  position  control  servomechanism.  This  arm 
fits  into  the  slot  at  the  bottom  of  the  slider  in  Fig.  5.5.  A  pi “load 
spring  between  the  actuator  post  and  the  slider  eliminates  backlash.  In 
the  finite  element  model  at  grid  points  d  and  e  only  d.o.f.  T3  is  con¬ 
nected  between  the  slider  and  the  actuator  post.  The  other  five  d.o.f  's 
are  released  with  NASTRAN  pin  flags  in  the  slider  element. 

Now  that  the  various  mechanical  parts  required  for  normal  posi 
tion  control  have  been  interconnected,  the  model  must  be  loaded  to 
simulate  the  vertical  motion  of  the  slider  due  to  rotation  of  the 


Normal  Position  Control 
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eccentric  era.  As  discussed  in  Chapter  3,  in  order  to  mathematically 
determine  loads  necessary  to  enforce  a  prescribed  deflection  pattern 
upon  the  mirror,  grid  connections  must  remain  unchanged.  Therefore, 
instead  of  temporarily  disconnecting  grid  points  d  and  e  for  d.o.f.  T3 
and  applying  equal  but  opposite  forces  on  these  members,  these  grids 
are  held  fixed  and  a  change  in  temperature  ATn  is  applied  to  the  slider. 

In-plane  slope  control  is  also  shown  in  Fig.  5.4(b).  The 
connection  between  the  middle  of  the  actuator  post  and  the  reference 
plate  is  with  an  annular  flexure,  permitting  relative  motion  for 
d.o.f.'s  T3,  R1  and  R2  between  grids  c  and  d.  The  flexure  is  represented 
by  a  zero  length  rigid  bar.  Figures  5.6  and  5.7  illustrate  that  both 
in-plane  and  out-of-plane  slope  control  servomechanisms  utilize  a  screw 
drive  to  position  the  annular  flexure,  which  in  turn  positions  the 
middle  of  the  actuator  post.  Three  spring  loaded  clamps  rnvth  Teflon 
bearing  surfaces  keep  the  annular  flexure  in  alignment.  A  blade  flexure, 
which  acts  like  a  hinge,  is  inserted  in  the  middle  of  the  actuator  post 
to  reduce  the  force  required  to  rotate  the  mirror.  The  flexure  is 
modeled  by  a  pin  flag  at  grid  d,  which  allows  no  moment  transmission 
about  a  local  axis  perpendicular  to  the  plane  of  the  truss.  The  in¬ 
fluence  of  the  flexure  upon  the  deflections  of  the  actuator  post  is 
shown  in  Figs.  S.8(c)  and  (d) .  The  deflection  of  the  post  and  the 
ensuing  mirror  rotation  are  instigated  by  positive  and  negative  temper¬ 
atures  of  equal  magnitude  applied  to  the  two  bar  elements  representing 
the  reference  plate. 


Fig*  S.7.  Side  view  of  servoaechinisas . 


Pig.  5.8.  Normalized  deflections  for  normal  position  control  and 
slope  controls. 

(a)  Normal  position  control  for  80  cm  actuator. 

(b)  Normal  position  control  for  160  cm  actuator. 

(c)  In-plane  slope  control. 

(d)  Out-of-plane  slope  control. 
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To  lap 1 «aen t  out-of-plane  slope  control  on  the  computer,  it  ties 
necessary  to  add  duany  rods,  rigid  rods  and  dunny  grid  points.  Figure 
5.4(c)  shows  all  the  duMy  rods,  each  positioned  nomel  to  a  truss.  In 
Fig.  5.4(d)  the  dunny  rod  and  rigid  rod  are  shown  offset  for  clarity, 
but  they  actually  coincide.  The  rigid  rod  connects  to  the  reference 
plate  at  c  and  the  dunny  rod  connects  to  the  actuator  post  at  d,  and 
both  connect  to  the  dunny  grid.  (Then  the  length  of  the  dunny  rod  is 
altered  by  a  change  in  its  teaperature,  the  ainor  rotates.  The  dis- 
placenent  coordinate  systea  for  the  duany  grid  is  aligned  with  the  duany 
rod,  and  translation  parallel  to  the  rod  is  imrestricted,  while  all  the 
other  five  d.o.f.'s  are  held  fixed.  This  requires  40  different  coordi¬ 
nate  systens,  one  for  each  duany  grid. 

\ 

Servoaotors  are  sinilar.to  the  ones  used  by  Radau  (1977,  p.  124) 
for  the  experiasntal  test  of  the  41-actuator  systea.  In  each  of  the 
three  servonechanisas  in  Figs.  5.6  and  5.7,  the  servoaotors  couple  to 
the  drive  shafts  through  worn  and  wheel  gears.  The  teeth  lock  when  the 
wheel  on  the  output  shaft  attenpts  to  drive  the  worn.  In  addition  to 
this  gear,  the  gear  ratio  of  the  servonotor  nust  be  high  and  the  coupling 
nechanisa  to  the  driven  part  nust  be  precise  to  control  notion  to  frac¬ 
tions  of  a  wavelength.  For  instance,  a  differential  screw  with  thread 
sizes  of  SO  and  31  threads/ in.  is  equivalent  to  a  sinple  drive  screw  with 
930  threads/ in.  Also  the  eccMtricity  of  the  am  for  nomel  positim 
control  My  be  ninute. 

(  ■ 
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Tasting  the  Model 

lbs  finite  aodel  mi  mticulsmly  tMtd.  Raring  its  frasdi* 
tion,  GIFTS  plots  wn  generated  interactively  so  s  CRT.  Hm  GIFTS  to 
NASTRAM  interface  ms  checked  by  NASTRAM  plots.  Tbs  NAST1AM  canputed 
systso  might  agreed  with  hand  calculations.  Rigid  body  c hacks  verified 
const raiats  from  IfCs  and  rigid  si scant s.  At  a  grid  point,  ono  rigid 
body  notion  was  givsn  a  wait  displsc— sat  whils  tbs  otbor  firs  notions 
wars  const rai nod,  and  displacansnts  of  all  grid  points  wars  exanined. 
Ibis  was  dona  for  aacb  of  tha  six  rigid  body  notions  with  ana  stiffhoss 
natrix  doconposition  by  using  tba  SPCD  card  which,  iatsraal  to  NASTRAN, 
transform  sn fore ad  displacansnts  into  loads.  Tba  following  is  a  list 
of  sono  itsas  chocksd  on  tba  nodal: 

(1)  alsnsnt  connectivity,  lsngth,  araa,  aspect  ratio  and  warpogs 

(2)  grid  point  d.o.f.  sots 

(3)  diagonal  tanas  of  assanblad  global  stiffhoss  natrix 

(4)  nasi  nun  ratio  of  term  an  diagonal  of  assanblad  stiffhoss 


factor,  i.e.,  a  maanra  of  stiffness  natrix  conditioning 

(5)  grid  point  fores  balance,  listing  slamat  and  constraint 
forces 

(6)  residual  land  vector  IP  ■  Ku  -  P 

(7)  ratio  of  work  by  residual  load  vector  to  work  by  applied  land 

vector  _ 

•  IP 

.  •  -w-Z-  (Joseph,  1979,  pp.  7.1-11) 

*  u  P 

(•)  forces  of  single  point  constraint 


O  ui 

(•)  load  vectors 

(10)  olearnot  fore*,  itrtn  and  strain  anargy 

(11)  grid  point  displacement. 

normal  Position  and  Slop#  Controls 
The  structure  supporting  the  mirror  includes  a  reference  plate, 
actuator  posts  and  truss  diagonals.  The  stiffhess  required  of  the 
airror's  support  structure  depends  upon  the  mirror  stiffness.  The  goals 
of  the  integrated  active  mirror  system  are  to  localize  deflections  due 
to  individual  controls  while  minimizing  weight.  Figure  5.8  demonstrates 
localized  deflections  for  the  system  with  the  solid  mirror  and  the  light¬ 
weight  reference  plate.  In  Figs.  S.$(a)  and  (b)  normalized  mirror  (solid 
line)  and  reference  plate  (dashed  line)  deflections  are  superimposed  for 
grids  along  the  X  axis.  Mirror  deflection  is  localized  to  an  area  of 
roughly  one- fifth  the  mirror's  diameter.  Deflection  of  the  reference 
plate  is  more  broad,  with  its  maximum  value  less  than  10%  that  of  the 
mirror.  Plots  showing  the  mirror's  localized  deflection  during  slope 
controls  are  labeled  theory  in  Fig.  2.10.  These  plots  are  for  the  41- 
actuator  system,  but  localization  of  deflection  for  the  40-actuator 
system  is  analogous.  Figure  5.8(c)  and  (d)  portray  actuator  post  deflec¬ 
tion  during  slope  controls.  Deflections  are  greatly  exaggerated,  but  the 
actuator  post's  shape  is  accurately  drawn. 

Several  different  coahlnatlons  of  mirrors  and  support  structures 
wore  analyzed  for  the  40-actuator  system.  The  remaining  figures  in  this 
section  are  contour  plots  for  normal  position  and  tangential  and  radial 
slope  controls  for  seme  of  the  coahinations.  Contour  plots  are  included 
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for  nine  controls,  i.o.,  for  noraal  position,  tsngontial  slope  and  radial 

slope  controls  for  actuators  located  80  ca,  160  ca  and  200  ca  fron  the 

cantor  of  tko  airror.  Loads  in  those  analyses  are  provided  by  a  1*  C 

teaperature  change  in  the  appropriate  structural  oleaent(s).  Such  snail 

loads  created  fractional  wavelengths  of  displacement,  but  since  analyses 

are  linear,  results  can  bo  scaled.  To  evaluate  the  effectiveness  of  the 

integrated  structure,  these  contour /plots  should  be  compared  to  those  ia 
% 

Chapter  4,  generated  with  the  airror  aodel  with  its  "perfectly  rigid" 
support  structure. 

Contour  plots  in  Pigs.  S.9  to  S.ll  for  the  thick  lightweight 
nine  reveal  that  the  deflection  of  the  airror  surface  by  one  actuator 
is  not  localised  to  the  vicinity  of  that  actuator.  Significant  deflec¬ 
tions  occur  across  the  entire  airror.  This  is  totally  unsatisfactory. 

It  occurs  since  the  bending  stiffness  of  the  airror  is  large  relative  to 
the  stiffness  of  the  support  structure.  The  reference  plate  and  the  re¬ 
mainder  of  the  support  structure  for  this  systen  were  more  flexible  than 
the  systen  shown  in  Fig.  5.2.  The  structural  properties  of  the  thick 
lightweight  mirror  systen  have  been  documented  (Shannon,  Richard,  and 
Hansen,  1980,  p.  36).  To  design  a  stiffer  support  structure,  stiff¬ 
nesses  were  calculated  for  each  of  the  aajor  components  of  the  systen, 
i.e.,  extensionel  stiffness  of  an  individual  truss,  bending  stiffness  of 
the  section  of  reference  plate  bounded  by  a  single  truss,  and  beading 
stiffness  of  a  circular  section  of  airror  with  diameter  equal  to  the 
horisontal  span  of  a  single  truss.  Additional  material  was  added  where 
appropriate. 
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During  design  iteration,  the  truss  members  were  changed  fro* 
steel  wires,  which  would  require  pretensioning,  to  graphite  epoxy  truss 
rods,  which  could  support  coapressive  forces  and  therefore  would  not  re¬ 
quire  pretensioning.  This  greatly  siaplifies  the  initial  systea  asseably. 

For  the  systea  with  a  solid  airror  and  a  noainal  reference 
plate,  contour  plots  are  shown  in  Figs.  5.12  to  5.15.  For  the  usual  nine 
controls,  deflections  are  adequately  localized,  all  except  for. radial 
slope  control  of  the  160  ca  actuator,  where  the  three  point  kineaatic 
aount  at  the  reference  plate  is  reflected  in  the  airror  figure.  For  all 
the  other  eight  controls,  contour  plots  for  the  40-actuator  systea  are 
nearly  as  localized  as  for  the  mirror  aodel  analysis  with  a  "perfectly 
rigid"  support  structure,  depicted  in  Figs.  4. 2-4. 4.  This  remarkable 
circumstance  is  a  testimony  to  the  concept  of  an  integrated  active 
mirror  system.  To  provide  a  measure  of  the  localization  of  deflection, 
consider  the  three  instances  of  normal  position  control.  The  maximum 
mirror  displacement  at  any  non-controlled  actuator  is  less  than  3.1%  of 
the  mirror  displacement  of  a  controlled  actuator.  In  addition  to  the 
usual  nine  controls,  plots  are  included  for  the  actuator  with  cylindrical 
coordinates  R  *  160  cm  and  6  *  22.5°.  The  contour  plot  of  radial  slope 
control  for  that  actuator  is  satisfactory.  Th^s  proves  that  the  problea 
with  the  other  160  cm  actuator  is  due  to  an  interaction  with  the  three 
point  aount. 

The  next  set  of  contour  plots.  Figs.  5.16  to  5.18,  is  for  the 
system  with  a  solid  airTor  and  a  saall  reference  plate.  The  reduction 
in  reference  plate  size  was  examined  in  Chapter  3  for  a  2-diaensional 


Ifcx-Daf  •  1.11  *  10'% 
Ma-Daf  -  -8. 58  x  10' 


Muc-Def  -  2.83  x  10' % 
Min-Def  -  -2.83  x  10* 


Mtx-Def  «  3.38  x  10'% 
Min-Def  «  -4.64  x  10 


Fig.  5.13.  System  model  with  solic  mirror  and  nominal  reference  plate, 
160-cm  actuators. 


(a)  Normal  position  control. 

(b)  Tangential  slope  control. 

(c)  Radial  slope  control. 


Ita-Dxf  •  7.M  x  10*% 
Mto-Daf  -  -1.00  x  10 


(•) 


Mw-Dtf  >  2.91  x  10'7. 
Ktx-D*f  >  -2.91  x  10* 


(b) 


Itex-Daf  -  2.99  x  10*7. 
Nl»-Dtf  -  -4.91  x  10* 


(C) 


Fig.  5.17.  System  model  with  solid  mirror  and  small  reference  plot* 
160- cm  actuators. 


(a)  Normal  position  control. 

(b)  Tangantial  slop*  control. 

(c)  Radial  slop*  control. 


Ifcx-tef  -  0.10  x  10**,  Nk-M  >  0.41  i  10" 

Nll-M  ■  -1.43  x  10* 7  Mto-Baf  -  -0.00  *  10* 


(•)  0>) 


tax-Daf  •  1.16  x  ID*7, 
Nte-Dxf  •  -1.17  x  10** 


(C) 


Fig.  S.18.  Syitn  model  with  oolid  mirror  and  small  roforo 
2 00- cm  actuators. 

(a)  Normal  position  control. 

(b)  Tangential  slope  control. 

(c)  Radial  slope  control. 


aodel,  riwn  tte  reference  plat*  weight  was  raducad  6S%  with  ao  detri- 
aantal  *f facts.  To  ba  consarvativa  tha  weight  for  tha  3-diaansioaal 
aodal  was  raducad  only  50%.  Comparing  ra suits  for  tha  saall  rafaranca 
plat*  systsa  to  tha  noainal  rafaranca  plata  systaa,  tha  nominal  position 
control  is  alaost  identical,  tangential  slope  control  is  in  general  not 
quit*  as  localized,  and  the  problen  with  radial  slope  control  of  the 
160  ca  actuator  is  further  aggravated.  Again,  to  aeasure  localization 
of  deflection,  consider  the  three  no real  position  controls.  The  aaxlaua 
mirror  displaceaent  at  any  non-controlled  actuator  is  now  less  than  4.5% 
of  the  airror  displaceaent  of  a  controlled  actuator. 

The  final  contour  plots  here  are  for  the  saae  solid  airror  and 
saall  reference  plate,  hut  this  tiae  with  a  flexural  aount  instead  of  a 
kineaatic  aount.  Only  two  contour  plots  were  noticeably  different  froa 
the  previous  set  incorporating  the  kineaatic  aount.  The  first  plot. 

Fig.  5.19(a),  shows  a  noticeable  iaproveaent.  Print  through  of  the  three 
point  kineaatic  aount  has  all  but  been  eliminated  by  changing  to  a  aount 
with  16  individual  flexures.  The  second.  Fig.  5.19(b),  is  auch  worse 
than  its  counterpart.  The  p rob lea  of  interaction  with  the  kineaatic 
aount  has  now  becoae  a  problea  of  interaction  with  the  flexures. 

Unfortunately,  due  to  tiae  constraints,  the  thin  lightweight 
airror  was  never  analyzed  in  this  40-actuator  systsa.  Results  for  that 
airror  should  ba  batter  than  for  tha  solid  airror,  sine*  the  banding 
stiffness  of  the  solid  minor  is  12%  greater  than  far  the  sandwich  airror, 
even  neglecting  shear  deformation.  In  a  previous  study  (Shannon,  Richard 
aad  Hansen,  1980)  both  the  solid  airror  and  the  thin  lightweight  airror 


were  analyzed  in  a  40-actuator  ays tea  without  sliders  and  with  a  three 
point  kineaatic  mount,  a  noainal  reference  plate  uid  a  different  nethod 
of  applying  loads  to  sinulate  the  individual  controls.  Contour  plots  of 
noraal  position  and  slope  controls  for  both  nirror  systems  reveal  ade¬ 
quate  localization  of  deflection  in  the  vicinity  of  t) e  active  actuator 
for  all  of  the  nine  basic  controls. 

It  is  conceivable  that  the  contour  plots  in  this  chapter  for 
which  deflections  are  not  as  localized  as  desired,  and  which  all  occur 
for  in-plane  slope  control,  are  a  product  of  the  method  of  load  intro¬ 
duction.  Therefore,  for  follow-on  studies,  it  is  reco— tended  that  either 
(1)  slope  controls  be  iaparted  by  the  method  of  Case  11  in  Fig.  3.6, 
where  a  couple  is  applied  to  the  actuator  post  with  no  reaction  at  the 
reference  plate,  or  (2)  dunmy  rods,  similar  to  the  rods  for  out-of-plane 
slope  control,  be  introduced  for  in-plane  slope  control. 

Actuator  Force  Determination 

For  all  the  remaining  analyses  determination  of  actuator  forces 
is  a  complicated  process.  The  first  step  in  this  process  is  to  obtain 
deflections  to  be  applied  to  actuator  degrees  of  freedom.  For  the 
gravity  and  thermal  loads,  it  was  assumed  that  optical  deflection 
measurements  of  both  position  and  slope  would  be  made  at  the  actuator 
attachment  points  on  the  minor  surface  and  the  control  system  would 
null  these  deflections.  Thus  actuator  deflections  are  the  negative  of 
the  deflections  from  an  analysis  of  the  loaded  system  model.  For  defocus 
and  astigmatism,  the  mirror  deflections  are  the  same  as  were  used  for  the 
mirror  model  in  Chapter  4. 
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Now  the  actuator  forces,  f . ,  that  causa  the  aforementioned  de- 

*  * 

flections,  x^,  are  obtained  with  the  aatrix  equation 

(x)  -  [F]<f>  (5.1) 

Mhere 

x.  is  the  ith  displacement  of  the  mirror  surface,  either 
1  a  translation  or  a  rotation, 

f .  is  the  jth  tenperature,  either  of  a  slider  (normal 
3  position  control),  a  pair  of  reference  plate  elements 
(in-plane  slope  control),  or  a  duaay  rod  (out-of-plane 
slope  control), 

and 

is  the  i**1  displacement  due  to  a  unit  j**1  tenperature. 

Influence  coefficient  matrices  [F],  for  normal  position  control  (40x40) 
and  for  normal  position  and  slope  controls  (120x120),  are  assembled  by 
applying  individual  unit  temperature  loads.  The  appropriate  actuator 
displacements  for  each  load  fora  a  column  in  [F].  The  INSL  library 
(IHSL,  Inc.,  1979)  subroutine  LEQT2F  solved  the  systems  of  40  and  120 
simultaneous  equations  for  (f). 

To  accomplish  an  analysis,  the  actuator  forces  am  superimposed 
with  the  driving  loads. 


Defocus  and  Astigmatism 

For  the  system  with  the  solid  mirror  and  the  small  reference  plate, 
contour  plots  of  defocus  am  in  Fig.  5.20.  Contour  line  flattening  is 
slightly  mom  predominant  hem  than  in  Fig.  4.11,  the  contour  plots  for 
analysis  of  the  corresponding  mirror  model.  Radial  cross-section  deflec¬ 
tions  for  the  system  model.  Fig.  5.21,  conpam  favorably  with  Fig.  4.14 


J 


Actuator 


position  control, 
position  and  slope  controls. 
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for  the  airror  Model.  Ras  values  of  residual  wavefront  variations  after 
a  defocused  reference  surface  is  reaoved  are  in  Table  5.2.  The  lack  of 
actuators  at  the  inner  edge  of  the  airror  creates  large  errors  beyond 
the  existing  inner  ring  of  actuators,  and  cannot  effectively  be  eliaina- 
ted  by  masking.  Scalloping  at  the  outer  edge  of  the  mirror  has  been 
substantially  reduced  by  the  outer  two  rings  of  actuators.  Since  the 
mirror's  ratio  of  bending  stiffness  to  membrane  stiffness  is  low,  the 
addition  of  slope  control  to  position  control  is  ineffective.  To 
accurately  defocus  the  mirror,  either  actuators  need  be  included  at  the 
inner  edge,  or  the  mirror  must  be  lightweighted.  Using  a  thicker  solid 
mirror  would  help,  but  the  weight  penalty  would  be  too  great. 

Contour  plots  for  astigmatism  are  in  Fig.  5.22,  and  rms  values 
in  Table  5.2.  Again  results  for  the  system  model  mimic  those  of  the 
mirror  model  but  are  slightly  less  accurate.  For  astigmatisn^  actuators 
are  not  necessary  at  the  inner  edge  of  the  mirror.  Masking  is  not  pro¬ 
ductive,  but  slope  control  in  concert  with  normal  position  control  is 
effective  in  reducing  errors  by  about  a  factor  of  20  as  compared  to  the 
normal  position  control  alone. 

Two  conclusions  surface  from  these  analyses.  It  is  much  easier 
to  deform  a  mirror  into  a  developable  shape,  i.e.,  one  in  which  the 
middle  surface  of  the  mirror  is  unstretched,  such  as  astigmatism,  than 
it  is  to  deform  it  into  a  nondevelopable  shape,  e.g.,  defocus.  Slope 
controls  are  very  effective  in  forming  nondevelopable  surfaces  but  not 
for  developable  surfaces. 
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Gravity  Loads 

Gravity  loads  of  1  g  magnitude  were  applied  in  the  x,  y  and  z 
coordinate  directions  in  separate  analyses.  These  loads  predict  the 
difficulty  of  obtaining  diffraction  limited  performance  both  in  the  1  g 
earth  environment  of  a  test  laboratory  and  in  a  0  g  space  environment. 
Loads  were  applied  parallel  to  and  normal  to  the  mirror  in  an  attempt  to 
find  a  desirable  orientation.  Since  the  kinematic  mount  does  not  pro¬ 
vide  equal  reactions  at  the  three  support  points,  the  x  and  y  gravity 
loads  yield  different  mirror  figures. 

Figs.  5.23  to  5.25  are  contour  plots  for  the  three  gravity  loads. 
Each  set  of  plots  for  a  particular  gravity  load  includes  a  plot  with  no 
actuator  control,  one  for  actuator  normal  position  control  and  one  for 
both  normal  position  and  slope  controls.  The  symmetry  patterns  for  the 
plots  corresponding  to  no  actuator  control  reflect  the  action  of  the 
three  point  mount.  The  z  gravity  load  plots  should  be  compared  to  Fig. 
4.17(b),  which  is  the  deflection  of  the  mirror  with  "perfectly  rigid" 
supports  under  the  same  load.  Before  correction  the  system  model  plot 
looks  nothing  like  the  mirror  model  plot,  but  after  correction  the 
resemblance  is  striking.  This  substantiates  the  premise  that  inter- 
actuator  sag  due  to  gravity  is  not  controllable.  Fig.  5.26  has  deflec¬ 
tions  of  radial  cross-sections  due  to  the  z  gravity  load.  It  is  evident 
that  slope  control  can  do  little  more  than  normal  position  control  in 
reducing  deformation.  Table  5.3  summarizes  results  of  FRINGE.  For 
gravity  loads  error  ratios  vary  around  10%.  Errors  are  not  reduced 
significantly  by  either  masking  or  by  addition  of  slope  control  to  normal 
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Max-Daf.  -  2.94  x  10'4 
Min-Def.  -  -5.71  x  lO-4 


(C) 


Fig.  5.23.  System  model  with  solid  mirror  and  small  referei.ee  plate 
x  gravity  load  of  1  g. 


(a)  No  actuator  control. 

(b)  Normal  position  control. 

(c)  Normal  position  and  slope  controls. 


Min-Daf.  -  -I.S*  *  10" 5 


Nla-Dtf.  -  -3.0«  x  10‘" 


Fig.  5.24.  System  aodel.  with  solid  Mirror  and  saall  reference  plate, 
y  gravity  load  of  1  g. 


(a)  No  actuator  control. 

(b)  Normal  position  control. 

(c)  Normal  position  and  slope  controls. 


Hut-Oaf.  -  -4.S6  x  Iff"* 
MU-Daf.  *  -1.63  x  10*2 


Max-Oaf.  -  5.12  x  iff-* 
MU-Daf.  •  -2.70  *  10~* 


(a) 


(b) 


Max-Oaf.  -  l.l*  x  1  tr". 
Min-Daf.  •  -2. SO  x  10- * 


(C) 


Fig.  S.25.  System  Model  with  solid  Mirror  and  small  reference  plate, 
•  z  gravity  load  of  1  g. 


(a)  No  actuator  control. 

(b)  Normal  position  control. 

(c)  Normal  position  and  slope  controls. 


Table  S.S.  Residual  wavefront  variations  after  subtraction  of  tilt  and  defocus  for  system  aodel  with 
solid  mirror  and  small  reference  plate. 
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position  control.  Even  if  the  nirror  were  stood  on  edge  for  ground 
testing,  the  ns  residual  after  control  is  about  IX,  compared  to  X/20 
for  a  diffraction  linited  systen. 

All  previous  results  for  gravity  loads  were  for  the  solid  nirror 
with  a  lightweight  reference  plate  and  a  kinenatic  aount .  By  using  the 
noninal  reference  plate  with  either  the  kinenatic  aount  or  a  flexural 
aount,  the  reference  plate  is  stiffened  and  print  through  fron  the 
aount s  is  drastically  reduced.  Contour  plots  for  the  flexural  aount  are 
in  Fig.  5.27.  Due  to  synnetry,  only  two  plots  are  necessary.  FRINGE 
results  for  these  systems  with  loads  applied  but  with  no  controls  are 
in  Table  5.4.  By  increasing  the  size  of  the  reference  plate  when  using 
a  kinenatic  aount,  uncorrected  deflections  are  reduced  by  factors  of 
about  10,  3,  and  3  for  the  three  gravity  loads.  More  importantly,  when 
using  the  flexural  aount,  factors  of  reduction  are  13,  17,  and  18. 
Assuning  a  10%  error  ratio,  the  ras  error  after  correction  for  in-plane 
gravity  loads  would  be  .084,  approaching  the  diffraction  linited  con¬ 
dition. 


Themal  Loads 

Two  thernal  loads  were  applied  to  the  solid  nirror  with  a  snail 
reference  plate:  a  1°  C  thermal  gradient  through  the  nirror,  with  the 
reflective  surface  at  the  highest  tenperature,  and  a  1*  C  uniform  thernal 
soak  of  the  entire  40-actuator  systen.  Figures  5.28  and  5.29  are  corre¬ 
sponding  sets  of  contour  plots,  with  ouch  set  including  plots  both  with¬ 
out  and  with  controls.  Figures  5.30  and  5.31  are  radial  cross-section 
deflections.  FRINGE  results  are  in  Table  5.3. 
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v»(x10  cm) 


(b) 


Fig.  5.30.  System  model  with  solid  mirror  and  small  reference  plate 
cross  sections  for  thermal  gradient. 

(a)  Normal  position  control. 

(b)  Normal  position  and  slope  controls. 
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(a) 


(b) 

Fig.  5.31.  System  model  with  solid  mirror  and  small  reference  plate, 
cross  sections  for  thermal  soak. 


(a)  Normal  position  control. 

(b)  Normal  position  and  slope  controls. 
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The  figures  for  the  thermal  gradient  loading  show  that,  due  to 
the  greater  thermal  expansion  of  the  top  face  of  the  mirror  as  compared 
to  the  bottom  face,  both  the  inner  and  outer  edges  of  the  mirror  curl 
toward  the  rear.  Actuators  along  the  outer  edge  of  the  mirror  reduce 
the  curling,  but  between  actuators  scalloping  takes  place.  The  combina¬ 
tion  of  slope  and  position  controls  does  not  combat  scalloping  signifi¬ 
cantly  better  than  position  control  alone.  In  fact  the  r»s  values  of 
the  residual  wavefront  are  equal  for  the  two  cases.  Since  there  are  no 
actuators  along  the  inner  edge  of  the  mirror,  inner  edge  wrap  could  not 
be  restrained.  It  will  probably  be  necessary  to  add  actuators  along  the 
inner  edge,  but  even  then  some  of  the  scalloping  will  exist  between  these 
new  actuators,  just  as  it  does  between  actuators  on  the  outer  edge.  Al¬ 
ternatively,  masking  around  the  inner  edge  reduces  rros  values  by  factors 
of  3  and  4  for  the  two  types  of  controls.  Controls  have  so  Kttle  effect, 
that  the  rms  value  of  the  residual  of  the  masked,  uncontrolled  mirror  is 
about  one-third  of  the  rms  value  of  the  unmasked,  controlled  mirror. 

This  load  demonstrates  that  drawing  conclusions  based  upon  contour  plot 
shapes  is  unreliable.  Even  though  the  plots  are  cleared  up  when  controls 
are  made,  rms  values  are  reduced  only  15%. 

For  uniform  thermal  soak  performance  is  again  difficult  to  gauge 
from  contour  plots.  The  plots  get  much  more  involved  as  actuators  make 
their  corrections,  but  magnitudes  are  markedly  reduced.  The  shape  of 
the  uncorrected  mirror  is  analogous  to  a  defocus.  For  the  case  of  normal 
position  and  slope  controls,  corrections  are  so  precise  that  not  enough 
decimal  places  were  printed  to  determine  the  rms  value  and  error  ratio. 
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and  the  curve  for  the  radial  cross-section  is  indistinguishable  from  the 
abscissa.  Masking  is  ineffective. 

Loads  discussed  had  a  magnitude  of  1°  C.  Table  5.5  summarizes 
maximum  allowable  temperatures  for  a  residual  wavefront  variation  of  .IX 
rms.  Without  masking  of  the  uncorrected  system,  an  axial  thermal  gradi¬ 
ent  of  5°  C  produces  .IX.  The  gradient  due  to  sunlight  was  shown  in  the 
heat  transfer  analysis  of  the  solid  mirror  in  Chapter  4  to  be  only  .76° 

C.  Therefore  a  heat  load  6.6  times  as  intense  as  sunlight  can  be 
applied.  By  using  actuators  which  lock  in  position  when  turned  off,  the 
active  figure  control  system  may  not  have  to  be  turned  on  when  the  mirror 
is  exposed  to  sunlight.  This  would  greatly  simplify  the  role  of  the 
active  control  system,  by  relying  on  the  "passive"  inherent  stiffness  of 
the  structure  of  the  integrated  active  mirror.  For  uniform  thermal  soak 
results  are  equally  as  impressive.  It  is  amazing  that  a  thermal  soak 
of  over  200°  C  can  be  withstood  by  using  position  and  slope  controls! 

Contour  plots  for  the  same  solid  mirror  but  with  a  flexural  mount 
and  with  a  nominal  reference  plate  are  in  Fig.  5.32  for  the  case  of  no 
actuator  control.  FRINGE  results  for  the  flexured  system  are  in  Table 
5.4.  The  rms  values  are  about  one-half  of  those  discussed  previously 
for  the  kinematic  mount  with  the  small  reference  plate.  Surely  the 
corrected  rms  values  would  be  less  than  before. 

An  estimate  of  the  mirror  deflection  from  an  axial  thermal  gradi¬ 
ent  applied  to  a  system  with  a  lightweight  mirror  is  derived  from  de¬ 
flections  for  the  system  with  a  solid  mirror.  An  assumption  is  made  that 
the  deflections  are  entirely  due  to  the  thermally  induced  bending  moments 
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in  the  mirror,  and  not  to  the  membrane  forces.  For  a  solid  mirror: 


Eh3 

12(l-vz) 

(5.2) 

12kAs  h  aE 

(5.5) 

N  _  (l-v2)qa 

D  kA 

(5.4) 

6  *  mirror  displacement 

M  *  bending  moment  per  unit  width  from  an  axial 
temperature  gardient  through  the  mirror 

D  *  flexural  rigidity 


The  displacement  is  independent  of  the  modulus  of  elasticity  (E),  and 
the  thickness  (h) .  For  a  lightweight  mirror: 


U  2(l-v2) 
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This  time  displacement  is  independent  of  E,  the  faceplate  thickness  (f), 
and  the  core  thickness  (Ax),  so  that  both  the  thick  and  thin  lightweight 
mirrors  would  perform  equally  when  exposed  to  sunlight.  Comparing  re¬ 
sults  for  the  solid  and  lightweight  mirrors: 
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(5.8) 


For  a  10%  dense  core  the  plan  area  of  the  solid  ainor  (Ag),  is  10  tiaes 
the  plan  area  of  the  core  of  a  lightweight  airror  (Ac),  so  that 


(5.9) 


Applying  this  factor  of  10  to  the  deflection  of  the  solid  airror  exposed 
to  sunlight,  .01521  ras,  yields  an  approxiaate  deflection  of  .1521  ras 
for  a  lightweight  airror.  In  a  previous  study  (Shannon,  Richard  and 
Hansen,  1980,  p.  57)  the  value  for  a  systea  with  the  thin  lightweight 
airror  and  a  reference  plate  with  stiffness  equivalent  to  the  noainal 
size  gave  a  deflection  of  .2$1X  ras,  so  the  aethod  of  estiaation  is  quite 
accurate. 

Conclusions  can  be  foraulated  based  on  the  theraal  analyses.  In 
a  well  designed  theraal  environment  the  passive  aspects  of  the  40- 
actuator  systea  are  all  that  is  needed  to  keep  a  solid  airror' s  figure 
below  X/10,  if  the  aost  intense  lighting  is  sunlight.  Bending  loads, 
e.g.,  the  axial  theraal  gradient,  cause  deforaations  wore  difficult  to 
correct  than  deforaations  froa  aeabrane  loads,  e.g.,  unifora  theraal 
soak.  This  also  explains  why  gravitational  deforaations  are  so  difficult 
to  handle. 

Miscellaneous  Output 

Stresses,  actuator  strength  and  stroke,  and  actuation  sensitivi- 
ties.are  provided  for  gravity  and  theraal  loads. 
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Stress 

Msxiaua  stresses  in  each  main  type  of  structural  member  in  the 
40-actuator  system  are  given  in  Table  5.6.  For  all  structural  ambers 
except  the  mirror,  stresses  given  are  the  maximum  or  minimum  extensional 
(axial  plus  bending)  stresses  at  the  ends  of  the  beam.  For  gravity 
loads,  where  stresses  are  highest,  the  largest  stress  occurs  in  the 
truss  diagonal,  and  its  axial  stress  is  greater  than  7  times  its  bending 
stress,  so  it  is  not  worthwhile  to  find  the  maximum  stress  throughout 
the  length  of  the  beam.  For  the  mirror  plate  elements  stresses  presented 
may  occur  at  either  the  top  or  bottom  surface. 

The  first  three  loads  are  applied  to  a  system  with  the  solid 
mirror  and  a  small  reference  plate  and  under  normal  position  control. 
Thermal  stresses  are  negligible  as  compared  to  gravitational  stresses. 

The  maximum  stress  from  the  1  g  load  is  1,250  psi  in  a  truss  diagonal. 

The  maximum  shear  stress  in  the  mirror  is  30  psi. 

The  fourth  load  case  is  a  10  g  launch  load  applied  to  the  solid 
mirror  with  the  , nominal  reference  plate  and  with  no  actuator  control. 

Launch  loads  for  an  orbital  telescope  include  both  a  steady  state  acceler¬ 
ation  and  the  static  equivalent  of  dynamic  acceleration.  The  maximum 
equivalent  static  launch  load  is  taken  to  be  10  g  (ITEK,  1970,  p.  5-16). 

The  maximum  stress  again  occurs  in  a  truss  diagonal  and  is  9,600  psi. 

The  maximum  shear  stress  in  the  minor  is  420  psi.  Using  the  ultimate 
stresses  in  Fig.  5.2,  the  margins  of  safety  of  5.4  and  17  are  sufficient 
to  prevent  rupture  even  without  an  auxiliary  support  during  launch.  The 
mirror's  dimensional  stability  under  the  10  g  load  is  also  a  consideration. 


Table  5.6.  Stresses  in  systea  nodal  in  dyne/ c*2 . 
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Nonrecoverable  deformation  of  the  mirror  is  estimated  by  scaling  the  rms 
figure  error  so  that  it  equals  -the  allowable  error  of  X/20.  Maximum 

_Q 

shear  strain  in  the  mirror  scales  to  8.4x10  From  ULE  data  presented 
by  Woods  (1970),  an  applied  shear  stress  of  2,400  psi  would  create  such 
a  nonrecoverable  shear  strain.  Since  the  maximum  shear  stress  in  the 
mirror  for  the  10  g  load  is  420  psi,  upon  release  of  the  10  g  load  the 
nonrecoverable  figure  error  is  admissable  even  before  controls  are  ad¬ 
ministered. 

For  all  beam  elements  the  stress  required  for  Euler  buckling  is 
more  than  10  times  the  maximum  stress  under  the  10  g  load. 

The  blade  flexure  in  the  actuator  post  was  checked  for  rupture 
and  buckling  under  the  10  g  gravity  load.  Since  the  flexure  is  a  pin 
joint  in  the  model,  its  stresses  were  computed  indirectly.  Assuming  the 
axial  stress  in  the  flexure  to  be  the  same  as  in  the  lower  actuator  post, 
the  maximum  axial  stress  is  1,600  psi.  The  angle  of  rotation  of  the 
lower  post  was  also  computed  indirectly  (Schaefer,  1979,  p.  182)  and  was 
used  to  find  the  stress  due  to  pure  bending  of  360  psi.  Shear  stress  is 
smaller  than  the  pure  bending  stress.  Since  the  flexure  would  be  made 
jo f  high  strength  steel  with  ultimate  stress  over  100,000  psi,  flexure 
stresses  are  negligible.  The  stress  for  Euler  btckling  of  the  flexure 
is  very  high  —  990,000  psi. 

Actuator  Strength  and  Stroke 

Maximum  actuator  forces  and  actuator  deflections  (not  mirror  de¬ 
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flections)  for  various  loads  help  to  determine  the  strength  and  stroke 


required  of  the  servomotor.  A  40- actuator  system  with  the  solid  mirror 
and  the  small  reference  plate  was  subjected  to  gravity  and  thermal 
loads.  Maximum  forces  and  deflections  required  for  actuators  for  all 
three  types  of  controls  are  in  Table  S.7.  The  maximum  force,  45  lb, 
and  deflection,  .0060  in.,  both  occur  for  the  1  g  gravity  load  normal  to 
the  mirror.  Actuator  forces  for  normal,  in-plane  slope,  and  out-of- 
plane  slope  controls  are,  respectively,  the  axial  forces  in  the  slider, 
in  the  reference  plate  bars  (the  difference  of  the  axial  forces  in  bars 
on  each  side  of  an  actuator  post),  and  in  the  dummy  rod.  Actuator  de¬ 
flections  are  from  the  thermal  strains  applied  to  each  of  these  members. 

Actuation  Sensitivity 

Sensitivities  of  mirror  motion  to  actuation  force  aid  in  design¬ 
ing  the  servomotors.  Sensitivities  in  Table  5.8  are  from  both  system 
and  mirror  models.  The  reasonable  correlation  in  these  values  insinuates 
that  the  mirror  model  is  adequate  to  estimate  sensitivities  of  otner 
systems.  In-plane  slope  control  sensitivity  is  greater  than  out-of¬ 
plane  slope  control  sensitivity  due  to  the  introduction  of  the  blade 
flexure  in  the  actuator  post.  Loads  in  actuated  members  were  inad¬ 
vertently  not  printed  in  the  system  model  analysis,  so  they  were  calcu¬ 
lated  from  the  strain  and  the  initial  stress  in  the  actuated  members 
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CHAPTER  6 


ADDITIONAL  WORK 

This  section  describes  additional  work  beyond  the  scope  of  this 
study  to  refine  the  integrated  active  optics  system  design  incorporating 
a  4  a  primary.  Additional  work  is  intended  to  either  improve  system 
performance  by  design  modification,  better  characterize  system  perfor¬ 
mance  or  refine  the  accuracy  of  the  analyses.  Topics  are  listed  in  an 
estimated  order  of  priority  in  Table  6.1.  Without  knowing  the  results 
of  the  work  it  is  impossible  to  establish  an  exact  priority. 
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Table  6.1.  Additional  work  to  be  completed. 


Slope  Control.  To  localize  deformations  for  both  in-plane  and  out-of- 
plane  slope  controls,  the  method  of  slope  control  should  be  changed 
to  that  of  Case  11  in  Fig.  3.6  in  which  a  pair  of  offset  forces 
are  applied  to  an  actuator  post.  The  forces  would  be  applied  in 
the  model  by  thermal  loading.  The  blade  flexures  in  the  middle  of 
the  actuator  posts  would  be  changed  to  thin  rod  flexures. 

Additional  Actuators  at  Inner  Edge.  A  ring  of  eight  actuators  with 
tangential  trusses  at  the  inner  edge  of  the  annular  mirror  would 
reduce  scallop  and  edge  wrap. 

Beam  Actuator.  A  beam  actuator  consists  of  a  flexible  beam  and  a  force 
actuator.  The  beam  is  attached  to  the  back  of  a  mirror  by  blade 
flexures  at  its  ends,  so  that  thermal  expansion  of  the  mirror  is 
not  restricted  by  the  beam.  Located  at  the  middle  of  the  beam, 
the  actuator  applies  equal  but  opposite  forces  to  the  mirror  and 
the  beam.  A  single  beam  actuator  would  span  the  mirror  section 
between  two  actuator  attachment  points  of  the  40-actuator  system. 
This  type  of  actuator,  but  without  flexures,  was  proposed  by 
Berggren  and  Lenertz  (1975).  It  would  effectively  reduce  displace¬ 
ments  from  defocus,  gravity  loads  and  an  axial  thermal  gradient. 

Moment  Actuator.  A  moment  actuator  applies  equal  but  opposite  moments 
to  two  points  on  a  mirror  without  reacting  against  a  backup 
structure  (Scott,  1975).  A  moment  actuator  constructed  of  a  force 
actuator  reacting  at  points  offset  from  the  center  of  the  mirror 
would  introduce  membrane  forces  as  well  as  moments.  Scalloping 
exhibited  during  defocus  could  be  relieved  by  radially  aligned 
moment  actuators,  creating  a  radial  membrane  stress  in  addition 
to  bending  stresses.  Moment  actuators  would  also  be  effective 
for  correcting  deflections  due  to  gravity  loads  and  due  to  an 
axial  thermal  gradient  through  tne  mirror. 

Elastic  Variable  Optimization.  The  cross-sectional  properties  of  the 
reference  plate  and  the  other  structural  members  should  be  varied 
and  analyses  repeated.  Optimization  curves  for  the  3-dimensional 
model  would  be  similar  to  the  curves  presented  in  Fig.  3.5  for  the 
2-dimensional  model.  The  structure  is  then  optimized  at  the 
elastic  variable  level  of  solution  hierarchy.  This  does  not  guaran¬ 
tee  optimization  at  the  topology  level,  the  highest  level  of  hier¬ 
archy,  or  the  geometry  level,  the  intermediate  level.  The  topology 
level  is  characterized  by  basic  connectedness,  by  numbers  of 
actuators  and  by  numbers,  types  and  shapes  of  structural  members. 

The  geometry  level  is  concerned  with  lengths  and  locations 
(Soosaar,  1971). 
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Inhomogeneity  of  Thermal  Expansion  Coefficient.  For  a  ULE  mirror  there 
is  a  radial  variation  in  a  attributed  to  oven  temperature  gradients 
(Friedman  and  Gasser,  1972).  Analyses  (Soosaar  et  al . ,  1975)  of  a 
design  for  a  lightweight  ULE  primary  mirror  with  3.05  m  aperture 
and  for  the  NASA  Large  Space  Telescope  accounted  for  the  inhomo¬ 
geneity  of  a.  One  analysis  used  a  nominal  expansion  coefficient 
(a  =  .03  x  10"6/°c)  while  another  used  a  radial  variation  of  a  in 
the  top  and  bottom  faces.  The  rms  deviations  from  the  best  fit 
sphere  due  to  a  1°  F  thermal  soak  and  a  1°  F  axial  thermal  gradient 
are  2.7  and  4.2  times  greater  for  the  variable  a  than  for  the 
nominal  a.  Corresponding  factors  for  the  40-actuatcr  system  are  of 
interest . 

Interactuator  Mirror  Surface  Ripple.  Ripple  and  servo-channel  cross 
coupling  both  depend  on  the  shape  of  the  individual  actuator  in¬ 
fluence  functions,  which  are  the  normalized  mirror  surface  deflec¬ 
tions.  Mechanical  mirror  actuator  coupling  is  the  influence  funct ion 
amplitude  at  the  center  of  the  adjacent  actuator.  As  mechanical 
coupling  is  increased,  rippling  decreases  and  servo  coupling  in¬ 
creases.  For  a  hexagonal  array  of  high  frequency  actuators,  Pearson 
and  Hansen  (1977)  state  that  a  nearly  Gaussian  influence  function 
with  a  mechanical  coupling  coefficient  between  5%  and  12%  yields 
acceptably  small  values  of  both  ripple  and  servo  coupling  A  de¬ 
tailed  mirror  model  (see  "Discretization  Error  of  Mirror  Model") 
should  be  uc>ed  to  study  ripple  of  the  40-actuator  system,  since  at 
least  three  elements  are  needed  between  actuators  to  distinguish  a 
full  sine  wave  of  ripple.  Two  methods  of  generating  ripple  are  to 
drive  a  group  of  actuators  with  equal  amplitude  and  to  induce  a 
linear  tilt  across  a  section  of  the  mirror  surfac.'. 

Localized  Temperature  Gradients.  Robertson  (1972)  experimentally  applied 
a  localized  temperature  gradient  to  a  30-in.  diameter  thin,  de 
formable  mirror.  Electric  heater  pads  on  the  back  surface  of  the 
mirror  created  local  temperature  fields  that  dropped  to  one-half  of 
the  maximum  within  a  region  with  diameter  one-eighth  of  the  m.  Tor- 
diameter.  Deflections  were  not  nearly  as  localized,  and  this  time 
one-half  the  maximum  was  within  a  region  2.7  times  largei  than  to: 
the  temperature  field.  This  broad  deflection  is  relative!,  ea-v 
to  correct.  Since  Robertson's  active  optics  system  had  low  sj  ■ ing 
rate  force  actuators,  restraints  to  the  mirror  were  negligible 
For  the  40-actuator  integrated  active  optics  system,  restraints 
to  the  mirror  are  not  as  flexible.  A  hot  spot  should  be  tested 
with  the  integrated  system  to  determine  .  f  it  results  in  a  broad 
easily  connectable  deformation. 
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Motion  of  Support  Points .  Enforce  displacements  to  simulate  the  de¬ 
formation  of  the  telescope  tube.  Theoretically,  the  kinematic 
mount  would  introduce  no  load,  however  friction  would  cause  a 
small,  finite  displacement. 

Optimal  Control  Law.  In  the  reported  analyses  the  influence  matrix 
relating  mirror  deflections  at  the  actuator  attachment  points 
was  used  to  compute  actuator  forces  to  null  actuator  displacements 
from  mechanical  loads.  Then  a  best  fit  sphere  and  associated  rms 
deviation  were  determined.  The  optima]  control  law  selects  actuator 
forces  to  minimize  the  least- squares  fit  of  errors  to  a  best  fit 
sphere.  The  influence  matrix  for  optimal  control  involves  mirror 
deflections  at  actuator  attachment  points  and  at  other  points  on 
the  mirror's  surface  where  deflections  are  measured.  Hill  and 
Youngblood  (1974)  discuss  the  optimal  control  law  as  applied  to  an 
active  primary  mirror. 

Discretization  Error  of  Mirror  Model.  Make  a  detailed  mirror  model  by 

subdividing  existing  quadrilaterals  into  four  smaller  quadrilaterals. 
Execute  individual  normal  position  and  slope  controls  and  compare 
plots  of  the  detailed  versus  the  coarse  (current)  model.  Use  these 
two  approximate  solutions  to  extrapolate  a  more  exact  solution 
(Zienkiewicz ,  1977,  pp.  34-35). 

Design  of  Lightweight  Mirror.  For  a  lightweight  mirror  the  following 

parameters  can  be  varied  to  arrive  at  an  optimal  design:  material, 
cell  type,  cell  spacing,  cell  dimensions,  faceplate  thickness  and 
total  thickness.  Design  curves  by  Barnes  (1969)  consider  both 
bending  and  shear  deformation.  They  establish  a  proper  tradeoff 
between  weight  and  stiffness  during  initial  design  phases  of  a 
symmetrical  sandwich  mirror.  If  the  faceplates  have  different 
thicknesses,  Barnes'  technique  will  not  apply. 

Fracture  of  a  Lightweight  Mirror.  The  polished,  lightweight  mirror 
will  contain  debonded  regions  between  the  ULE  faceplates  and  the 
core.  A  sufficiently  large  shear  stress  at  the  interface  between 
a  faceplate  and  the  core  will  propagate  the  debonded  regions  and 
destroy  the  mirror.  Fracture  mechanics  predicts  the  critical  shear 
stress  as  a  function  of  initial  Ciack  length  (Soosaar  et  al.,  1975, 
’•o.  5-2  -  5-5).  The  shear  stress  is  not  output  directly  from 
fASTRAN.  By  calling  upon  the  MSC/NA^RAN  Alter  Library,  the  program 
will  compute  strains  and  curvatures  for  two-dimensional  plate 
elements.  An  auxiliary  program  to  compute  shear  stress  between  the 
•aceshtets  and  the  core  is  based  on  the  theo./  Presented  by  Jones 
:9~5). 
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3-Dimensional  Model  of  Lightweight  Mirror.  This  model  would  include 
membrane  elements  for  the  upper  and  lower  faces  and  cell  walls 
and  would  model  the  local  core  stiffening  at  the  actuators.  It 
would  predict  local  dimpling  at  the  actuator  attachment  points 
due  both  to  the  individual  normal  position  and  slope  controls  and 
to  thermal  loading.  It  would  be  sufficient  to  model  a  partial 
section  of  the  mirror.  The  entire  mirror  could  be  modeled  effec¬ 
tively  with  cyclic  symmetry  (Joseph,  1979,  sec.  2.2). 

Heat  Transfer.  With  NASTRAN's  heat  transfer  capability  a  3-dimensional 
model  of  a  lightweight  mirror  and  the  system  model  could  be 
analyzed  to  determine  temperatures  to  apply  in  structural  analyses. 

Optical  Aberrations.  Introduce  fourth  order  coma  and  spherical 

aberration  in  the  same  manner  used  for  defocus  and  astigmatism. 

Flat  Plate  Fictitious  Rotational  Stiffness.  Since  the  curvature  of  the 
mirror  is  so  slight,  normal  vectors  to  adjacent  quadilaterals  in 
the  mirror  model  are  nearly  parallel.  The  angle  between  them  is 
always  less  than  1°.  When  representing  a  shell  as  an  assembly  of 
flat  plate  elements,  the  rotational  degree  of  freedom  normal  to 
each  flat  plate  element  has  zero  stiffness.  Zienkiewicz  (1977, 
p.  336)  presents  a  method  of  introducing  this  rotational  stiffness 
that  is  equivalent  to  interconnecting  nodes  within  each  individual 
flat  plate  with  torsional  springs.  This  technique  eliminates  a 
minor  problem  from  analysis  of  the  mirror  model. 

Microyield  Strength.  The  microyield  strength  (MYS)  of  a  material  is 
the  stress  producing  a  permanent  strain  of  1  micro  in/in.  The 
MYS  of  ULE  is  8,000  psi  for  material  under  ideal  conditions.  For 
pieces  of  ULE  the  size  of  the  40-actuator  mirror  the  MYS  is  con¬ 
servatively  reduced  to  500  psi.  To  minimize  creep  and  stress 
relaxation,  stresses  in  the  mirror  should  be  no  greater  than  half 
the  MYS  (ITEK,  1970,  p.  D-10).  Under  the  10  g  launch  load  the 
maximum  principal  stress  in  the  mirror  is  460  psi  and  exceeds  this 
guideline.  There  would  only  be  a  problem  if  the  mirror  distortion 
were  in  a  shape  uncorrectable  by  the  control  system. 


CHAPTER  7 


CONCLUSIONS 

An  integrated  active  mirror  system  is  an  efficient  structure, 
because  the  mirror  is  integrated  with  the  support  structure  of  the 
actuator  system  and  because  loads  are  carried  in  tensile-membrane  action. 
By  constructing  the  mirror  and  support  structure  out  of  dissimilar 
materials,  the  mirror,  requiring  a  low  thermal  expansion  coefficient, 
is  made  of  ULE,  and  the  support  structure's  high  stiffness  requirements 
are  met  by  ultra  high  modulus  graphite  epoxy.  Correspondence  of  the 
expansion  coefficient  of  the  two  materials  is  not  imperative. 

The  40-actuator  system  with  a  2  cm  thick,  solid  mirror  and  a 
small  reference  plate  is  a  diffraction  limited  primary  for  a  spaceborne 
telescope  subjected  to  heating  from  the  sun.  For  ground  testing  the 
mirror  can  be  actively  corrected  to  the  diffraction  limited  specifica¬ 
tion  if  the  reference  plate  is  flexure  mounted  to  the  telescope  tube 
with  the  mirror  orier'ed  in  a  vertical  plane.  The  structure  is  so  pro¬ 
ficient  that  if  a  IX  rms  error  could  be  tolerated  on  the  ground,  and  if 
the  ambient  telescope  temperature  was  well  controlled,  the  actuator  con¬ 
trol  system  would  not  have  to  exist.  Passive  aspects  of  the  structure 
alone  would  keep  the  mirror's  figure  within  tolerance.  The  solid  mirror's 
mass  of  534  kg  is  far  greater  than  the  310  kg  mass  of  the  remainder  of 
the  system  (support  structure  and  servomechanisms) .  The  reference  plate 
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can  be  lightened,  since  the  greatest  mechanical  coupling  for  actuator 
normal  position  control  is  4.5%,  and  it  can  be  increased  to  12%  (Pearson 
and  Hansen,  1977).  The  solid  mirror  was  chosen  over  a  lightweight 
mirror,  since  the  lightweight  mirror  deforms  significantly  more  and  is 
not  quite  correctable  to  diffraction  limited  performance  in  a  40-actuator 
system  when  exposed  to  sunlight.  Economy  and  ease  of  manufacture  were 
also  considerations.  Ionizing  radiation,  which  changes  mechanical  and 
thermal  material  properties,  alters  the  coefficients  of  the  control 
matrix  of  an  active  mirror.  This  would  have  a  detrimental  effect  upon 
an  active  primary  mirror  with  high  mechanical  coupling  produced  by 
flexible,  force  actuators  (Robertson,  1970),  but  it  would  not  seriously 
degrade  an  integrated  active  mirror  with  its  displacement  actuators. 

For  the  40-actuator  system  deformations  from  bending  loads 
(gravity  normal  to  the  mirror  and  an  axial  thermal  gradient  from  sun¬ 
light)  and  deformations  into  the  shape  of  a  nondevelopable  surface  (de¬ 
focus)  are  difficult  to  control  even  with  combined  normal  position  and 
slope  controls.  Deformations  from  membrane  loads  (uniform  thermal  soak) 
and  deformations  into  the  shape  of  a  developable  surface  (astigmatism) 
are  easy  to  control,  especially  with  inclusion  of  slope  controls.  In 
fact,  for  the  solid  mirror  and  a  system  incorporating  slope  controls  the 
error  ratios  are  less  than  2.4%  for  thermal  soak  and  .13%  for  astigma¬ 
tism,  and  both  cases  expjrienced  an  improvement  of  more  than  a  factor  of 
10  when  slope  controls  were  added  to  normal  position  control.  Masking 
of  the  unsupported  mirror  surface  within  the  inner  ring  of  actuators  was 
effective  in  reducing  wavefront  variation  for  the  thermal  gradient  and 
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for  defocus  but  was  ineffective  with  the  gravity  load.  Instead  of  mask¬ 
ing,  adding  a  ring  of  eight  actuators  to  the  inner  edge  of  the  mirror 
would  reduce  variations  for  all  three  troublesome  cases  by  a  greater 
amount.  This  treatment  would  be  similar  to  the  treatment  of  the  outer 
mirror  edge  for  which  additional  actuators  reduced  scalloping  caused  by 
defocus.  To  further  improve  treatment  of  the  gravity  load  and  the 
thermal  gradient,  beam  actuators  or  moment  actuators  (see  Chapter  6) 
could  be  added  between  existing  actuators.  Then  the  system  would  have 
diffraction  limited  performance  for  a  ground-based  telescope  and  in  the 
presence  of  thermal  loads  more  intense  than  sunlight. 

Another  improvement  would  be  to  change  slope  controls  so  that 
couples  deflect  the  actuator  posts  with  no  reaction  at  the  reference 
plate.  Consequential  reduction  in  mechanical  coupling  would  bring 
coupling  for  slope  control  close  to  parity  with  coupling  for  normal 
position  control. 

Experimental  results  from  a  24  in.  diameter  physical  model  of 
a  41-actuator  system  verify  the  concept  of  an  integrated  active  mirror 
system  and  more  specifically  the  design  of  the  40-actuator  system. 
Resemblance  between  interferograms  and  computer  model  contour  plots  is 
prominent.  Differences  are  accounted  for  by  play  in  the  connections  in 
the  physical  model,  which  h&s  led  to  extensive  use  of  interconnecting 
flexures  in  the  4  m  system. 

Proper  connections  and  actuator  load  introduction,  allowing  for 
significant  weight  reduction,  were  determined  from  analysis  of  a  2- 
dimensional  system  model.  For  the  2-dimensiona'  model  a  65%  reduction 


in  reference  plate  weight  resulted  in  an  increase  of  worst  case  aechani- 
cal  coupling  of  normal  position  control  of  froa  4.0%  to  4.6%.  and  for 
the  3-diaensional  aodel  a  conservative  reference  plate  weight  reduction 
of  only  50%  boosted  the  aechanical  coupling  froa  3.1%  to  4.S%.  The  2- 
diaensional  aodel  should  be  used  to  test  aodel  alterations  prior  to 
iapleaentatioa  into  the  3-diaensional  aodel. 

Another  invaluable  design  tool  was  the  airror  aodel.  Mirror 
deflections  froa  individual  controls  for  the  systea  aodel  were  evaluated 
based  upon  the  saae  controls  applied  to  the  mirror  aodel.  Close  corre¬ 
lation  between  the  two  sets  of  deflections  substantiated  the  effective¬ 
ness  of  the  integrated  nirror  system.  Introduction  of  optical 
aberrations  from  the  system  model  compared  so  well  with  results  of  the 
mirror  model  that  the  mirror  model  can  be  used  with  confidence  to  study 
aberrations  for  other  mirrors. 

The  suggested  additional  work  should  precede  a  detailed  design 
of  an  integrated  active  mirror  system. 
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